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 Wheat (Triticum aestivum L.) is one of the most widely cultivated crops globally, and 
like many other crops, herbicides are utilized for weed control in order to minimize yield loss. 
While several effective herbicides are labelled for wheat, the application rates and application 
time frames are often limited in order to avoid injury and yield loss. Synthetic auxin herbicides 
are generally applied prior to the jointing stage of wheat to avoid injury or reduced yields. 
Introducing a transgene to increase crop tolerance or extend the herbicide application time-frame 
is not a viable option due to concerns of pollen flow between wheat and a closely related weedy 
relative, jointed goatgrass (Aegilops cylindrica). An alternative to transgenes is the use of 
herbicide safeners, which are a group of chemicals that confer herbicide tolerance by inducing 
the expression and/or activity of herbicide-detoxifying enzymes, such as cytochrome P450-
dependent monooxygenases (P450s), glutathione S-transferases (GSTs), and ATP-binding 
cassette (ABC) transport proteins. Safeners are easily integrated with herbicide application 
practices because they are typically mixed with the herbicide and utilized in post-emergence 
applications to wheat. While safeners have been prevalent in agriculture for decades, knowledge 
of how safeners induce the expression of these enzymes is still limited. Previous research 
indicated that genes encoding 12-oxophytodienoic acid reductases (OPRs) exhibited increased 
expression after treatments of the wheat safener, cloquintocet-mexyl (CM). There are two 
isoforms of these enzymes (OPRI and OPRII) but only OPRII isoforms participate in jasmonate 
(JA) biosynthesis, which are a class of oxidized lipids (oxylipins) that mediate plant responses to 
biotic and abiotic stresses. Based on these previous findings, my current hypothesis is that 
safeners utilize an oxylipin-mediated signaling pathway to induce the expression of genes 
encoding herbicide-detoxifying enzymes. 
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 Similarly, little is known about the herbicide-detoxifying enzymes that confer natural 
tolerance to synthetic auxin herbicides in wheat. Like other common monocot crop species, 
wheat displays a natural tolerance to synthetic auxin herbicides. While it is established P450s 
play a pivotal role in the natural tolerance of monocot species towards synthetic auxin 
herbicides, a specific P450 associated with synthetic auxin metabolism has not been 
characterized in wheat. In the present study I focused on the newer synthetic auxin herbicide, 
halauxifen-methyl (HM). 
 Chapter 1 of this thesis includes a literature review of alien substitution and aneuploid 
lines of wheat, the possible role of OPRs mediating the safener response, synthetic auxin 
herbicide mode of action, and specifically the arylpicolinic acid class of synthetic auxin 
herbicides. Chapter 2 examines the results of wheat alien substitution lines and aneuploid lines in 
response to treatments of HM and CM. These lines lack specified wheat chromosomes and were 
used to identify the chromosomes of wheat associated with genes that confer natural or safener-
induced HM tolerance. Results indicate that lines lacking chromosomes 5A or 5B display 
reduced tolerance to HM relative to unaltered wheat, indicating that chromosomes 5A and 5B 
possess genes needed for natural HM tolerance in wheat. Chapter 3 describes a reverse-
transcriptase quantitative polymerase chain reaction (RT-qPCR) expression analysis of wheat 
OPR genes (TaOPRs) in CM-treated wheat. Of the three TaOPRs examined in the study, a 
TaOPR gene located on the long arm of chromosome 6D (TaOPR6DL) displayed the highest 
expression levels in all safener-treated tissues relative to unsafened controls, with the highest 
fold induction approximately 128-fold in the shoot meristematic region. Fold inductions for the 
other TaOPR genes were not as high with other fold inductions peaking around 20-fold and 6-
fold for the TaOPRs located on the short arm of 2B (TaOPR2BS; 20-fold) and the long arm of 
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7D (TaOPR7DL; 6-fold), respectively. The highest fold inductions for all genes were observed at 
6 hours after treatment (HAT) but were transient in nature, as evidenced by lower fold inductions 
at 12 HAT. Since CM is a prosafener, it is possible that bioactivation of the parent ester and 
translocation of the free acid may influence these expression patterns in wheat leaves. Chapter 4 
summarizes the discussion and conclusions from Chapters 2 and 3 and identifies future research 
goals for identifying candidate genes that govern natural or safener-induced HM tolerance and 
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1.1 Background of Wheat (Triticum aestivum L.), Alien Substitution Lines, and Aneuploids 
Common bread wheat (Triticum aestivum L.) is the most widely cultivated cereal crop in 
the world and provides about 20% and 21% of worldwide daily calorie and protein intake, 
respectively (Shiferaw et al., 2013). In the United States wheat is the principal cereal grain 
produced in the country and ranks third in terms of planted acreage with planting at 47 million 
acres and 45 million acres in 2018 and 2019, respectively (Bond & Liefert, 2019; USDA-NASS, 
2019). While wheat production in the United States only represents about 7% of global wheat 
production, the United States consistently ranks among the top three global wheat exporters 
(Bond & Liefert, 2019). In order to meet the production demands of wheat, breeders are striving 
to create improved varieties for higher yield and regional adaptations to biotic and abiotic 
stresses (Atlin et al., 2017). These efforts have been limited in the past due to the lack of 
understanding of the molecular basis of key agronomic traits (IWGSC, 2018). 
Wheat is an allohexaploid (2n = 6x = 42; AABBDD) that originated from two 
evolutionary events involving three diploid progenitor species donating their respective genomes 
(A, B, and D genomes) to form hexaploid wheat (IWGSC, 2014; Law et al., 1987). The first 
hybridization occurred several hundred thousand years ago with Triticum urartu (2n = 2x = 14; 
AA) and a species thought to be related to Aegilops speltoides (2n = 2x =14; SS) (IWGSC, 
2014). The exact progenitor of the B genome is unclear, but the S genome of Ae. speltoides is the 
most similar (Petersen et al., 2006; Salse et al., 2008). Hybridization between the two diploid 
species resulted in the allotetraploid Triticum turgidum (2n = 4x = 28; AABB), which is the 
ancestor of T. turgidum sp. durum and wild emmer wheat (IWGSC, 2014). The second 
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hybridization involved T. turgidum and Ae. tauschii (2n = 2x =14; DD) and resulted in the 
formation of T. aestivum (IWGSC, 2014). As a result, wheat has a large 17-gigabase genome 
comprising of three homoeologous (chromosomes from different species that are brought 
together in one species by polyploidization) sets of seven chromosomes in the A, B, and D 
genomes (Glover et al., 2016; IWGSC, 2014). Due to the large, highly repetitive genome of 
wheat, a fully annotated reference genome was not derived until 2018 by the International Wheat 
Genome Sequencing Consortium (IWGSC), providing a valuable resource for wheat research 
(IWGSC, 2018). 
The polyploid nature of wheat allows it to tolerate aneuploidy (the loss or duplication of 
chromosomes) without losing fertility, which led to the creation of a wide array of aneuploid 
lines by Dr. Ernie Sears, including monosomics, nullisomics, trisomics, tetrasomics, 
ditelosomics, etc (Law et al., 1987). Dr. Sears created these aneuploid stocks from the cultivar 
“Chinese Spring”, which is considered the international model for wheat genetics and polyploidy 
research (Gill et al., 2006). Nullisomics and ditelosomics are useful for identification of the 
chromosomes and chromosome arms that possess genes of interest in wheat (Plaschke et al., 
1996). Several examples exist for using these lines to identify the chromosomal location of genes 
of interest, such as cytochrome P450-dependent monooxygenases (P450s), glutathione-S-
transferase (GSTs), β-amylase, and 12-oxo-phytodienoic acid reductases (OPRs) (Dong et al., 
2013; Nomura et al., 2002; Riechers et al., 1998; Sharp et al., 1988; Wang et al., 2016). 
Generally, aneuploid lines for certain wheat chromosomes and species that contain all or portions 
of the wheat genome (i.e. AABBDD, AABB, AA, etc.) are subjected to treatments of interest 
and compared on both phenotypic and molecular levels. At the phenotypic level, the aneuploid 
lines are evaluated to determine if they respond differently compared to the other lines that 
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contain the entirety or sub-genomes of the wheat genome. At the molecular level, polymerase 
chain reaction (PCR) and Southern hybridization (also known as restriction fragment length 
polymorphism analysis) are common methods to determine if genes of interest are absent from 
the aneuploid lines. In general, aneuploid lines lack a certain phenotype that is normally 
exhibited in unaltered wheat, and results for PCR and/or Southern hybridization usually indicate 
a gene of interest that is present in unaltered wheat is not present in certain aneuploid lines, 
providing evidence for location of the gene on a specific chromosome or chromosome arm. 
In addition to aneuploid lines, wheat alien substitution lines have one of its homologous 
chromosome pairs replaced with a homoeologous pair from another species (referred to as the 
‘alien’ genome) (Jiang et al., 1994). Production of these lines can be achieved through a variety 
of methods that involve crosses with aneuploids and alien addition lines, such as crossing wheat-
alien amphiploid to a nullisomic-tetrasomic followed by backcrossing the resulting hybrids to the 
nullisomic-tetrasomic line (Gill et al., 2006). One use of these lines is to introduce desirable 
genes from wheat relatives into the wheat genome. Examples include introducing genes to 
improve nutrient content and Fusarium Head Blight resistance (Fu et al., 2012; Rawat et al., 
2011). Alien substitution lines are also useful when trying to identify which chromosomes 
possess gene(s) that control a phenotype of interest using similar methods mentioned in a 
previous paragraph: performing experiments where results for the alien substitution lines are 
compared to lines that lack substitutions. This technique has more recently been used to show 
that chromosome 5A contains genes that regulate the establishment of freezing tolerance 
(Kalapos et al., 2017).  
While there are many benefits of the allohexploid biology of wheat, some concerns exist 
that prevent the commercialization of certain products, specifically transgenic wheat with 
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herbicide tolerance. Introduction of transgenes is a common method to achieve herbicide 
tolerance in other economically important crops, such as corn and soybean (Green, 2014; Wright 
et al., 2010). The limitations for wheat result from weed species that share one or more of the 
wheat genomes and are capable of hybridizing with wheat; one example is jointed goatgrass 
(Aegilops cylindrica), which is tetraploid and shares the D genome of cultivated wheat (Zemetra 
et al., 1998). As a result, a transgene endowing herbicide tolerance could be transferred to this 
species, which would remove the ability to selectively to control this weed with the herbicide 
associated with the transgene (Hegde & Waines, 2004; Zemetra et al., 1998).  
1.2 Herbicide Safeners and Herbicide Metabolism 
Safeners are a group of chemicals that protect large-seeded monocots, such as corn, grain 
sorghum, wheat and rice, by inducing metabolic detoxification reactions of herbicides in these 
crops (Riechers & Green, 2017). The discovery of herbicide safeners occurred in 1947 when 
Otto Hoffman of the Gulf Oil Company observed reduced 2,4-dichlorophenoxyacetic acid (2,4-
D) vapor injury on tomato plants when treated with 2,4,6-trichlorophenoxyacetic acid (Kraehmer 
et al., 2014). This observation led to further research and the advent of the first commercial 
safener, naphthalic anhydride, in 1969 (Kraehmer et al., 2014; Riechers & Green, 2017). To date, 
nearly 20 commercial safeners have been commercialized since their initial discovery (Kraehmer 
et al., 2014). Herbicide safeners offer several benefits, such as providing crop protection without 
the use of expensive transgenic crops, expanding the use of existing herbicides that lack crop 
safety, allowing for the use of higher herbicide rates while maintaining crop protection, and 
facilitating the use of herbicides in unfavorable environmental conditions where the frequency of 
crop injury is relatively higher (Davies & Caseley, 1999; Riechers & Green, 2017).  
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Several herbicides safeners are currently available for wheat and are mainly used to 
protect against herbicides that inhibit acetolactate synthase (ALS), acetyl-CoA carboxylase 
(ACCase), and very-long-chain fatty acid (VLCFA) elongases (Davies & Caseley, 1999; Sun et 
al., 2017; Taylor, 2012; Taylor et al., 2013). One of the most widely used wheat safeners is 
cloquintocet-mexyl, which was originally produced by Ciba-Geigy to achieve cereal tolerance to 
the ACCase-inhibitor, clodinafop (Kraehmer et al., 2014; Riechers & Green, 2017). Since the 
basic patent expired, many companies include it in their herbicide formulations to achieve crop 
tolerance (Kraehmer et al., 2014). Cloquintocet-mexyl is quite versatile as it protects wheat from 
ACCase-, ALS-, and VLCFA elongase-inhibiting herbicides (Kraehmer et al., 2014; Riechers et 
al., 1997). 
Safener application can occur in different forms, including seed treatment, pre-emergence 
application with the herbicide, or post-emergence (POST) application with the herbicide 
(Riechers & Green, 2017). However, most of the wheat herbicide safeners commonly are applied 
POST with the herbicide (Taylor, 2012). Herbicide formulations that include the safener are 
generally more desirable because it offers simplified safener application technology for both 
farmers and manufacturers, and the manufacturer can also capture the value of their herbicide by 
ensuring it is applied instead of any herbicides from competitor companies (Kraehmer et al., 
2014).  
Safeners endow or enhance herbicide tolerance by inducing the expression of metabolic 
enzymes, such as P450s, GSTs and ATP-binding cassette (ABC) transporter proteins, that 
metabolize herbicides to less active or immobile metabolites (Hatzios & Burgos, 2004). Safener 
induction of these enzymes has been demonstrated and reviewed over the past two decades 
(Davies & Caseley, 1999; Nandula et al., 2019; Riechers & Green, 2017; Theodoulou et al., 
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2003; Zhang et al., 2007). While safeners have been prevalent in agriculture for decades and 
their phenotypic and metabolic effects are well documented, knowledge of safener regulation of 
corresponding genes or signaling pathways being induced for crop protection is still severely 
limited (Riechers et al., 2010). Additionally, it is not well understood why dicots are not 
protected from herbicide injury when treated with safeners. Previous studies have demonstrated 
that Arabidopsis GST and ABC transporter protein expression is enhanced by safener treatments, 
despite the treatments not resulting in whole-plant herbicide protection (DeRidder et al., 2002; 
DeRidder & Goldsbrough, 2006). The lack of herbicide protection may be due to the enhanced 
GST expression that is restricted to the root tissue rather than shoot tissue (DeRidder & 
Goldsbrough, 2006), like in monocots (Riechers et al., 2010).  
Herbicide metabolism is a coordinated stepwise process divided into four parts: Phase I, 
Phase II, Phase III, and Phase IV. Phase I involves oxidation, reduction, or hydrolysis of 
phytotoxic parent molecules, but the majority of reactions are oxidations, which are carried out 
by P450s (Davies & Caseley, 1999; Siminszky, 2006). Phase II reactions involve conjugation 
reactions of phytotoxic parent molecules or Phase I metabolites with endogenous substrates 
(Davies & Caseley, 1999). Herbicide conjugation with glucose, reduced glutathione (GSH), or 
amino acids have been documented, but rapid GSH conjugation via GSTs is the most common 
(Davies & Caseley, 1999). While Phase I reactions predispose the parent molecule to the 
subsequent conjugation reactions of Phase II, some parent molecules bypass Phase I and proceed 
directly into Phase II (Davies & Caseley, 1999; Hatzios & Burgos, 2004). Phase II metabolites 
are further processed in Phase III by ABC transporter proteins in the tonoplast, which transport 
non-phytotoxic herbicide conjugates to the vacuole (Yuan et al., 2007). In Phase IV, non-
phytotoxic herbicide conjugates are ultimately processed through conjugation or catabolism, 
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which leads to metabolites bound to lignin biopolymers in the cell wall or sequestered within the 
vacuole (Davies & Caseley, 1999; Yuan et al., 2007).  
1.3 12-Oxophytodienoic Acid Reductases (OPRs) and Their Possible Role as a Signaling 
Molecule for the Safener Response  
Plants possess signaling networks where hormones mediate responses to environmental 
stimuli, such as light, temperature, drought, and infection from pathogens (Howe et al., 2018). 
These networks allow plants to adjust their growth, development and metabolism in order to 
ensure survival to maturity (Howe et al., 2018). One plant hormone that has been extensively 
studied is jasmonic acid (JA) and its derivatives, which are collectively denoted as jasmonates 
(Howe et al., 2018; Wasternack & Feussner, 2018). Jasmonates are a class of oxidized lipids 
(oxylipins) that mediate plant development and respond to both biotic (i.e. attack by insects and 
pathogens) and abiotic stresses (i.e. drought and mechanical wounding) (Howe et al., 2018; Koo, 
2018; Wasternack & Feussner, 2018).  
The biosynthesis of jasmonates occurs in the octadecanoid pathway, which begins in the 
chloroplast where α-linolenic acid is enzymatically converted to 12-oxo-phytodienoic acid 
(OPDA) through a series of reactions catalyzed by lipoxygenase, allene oxide synthase, and 
allene oxide cyclase (Howe et al., 2018; Koo, 2018; Wasternack & Song, 2017). OPDA is then 
transferred to the peroxisome where it is reduced by OPDA reductase (OPR), and a series of β-
oxidations results in JA formation (Howe et al., 2018; Koo, 2018; Wasternack & Song, 2017). 
JA then serves as a precursor to other jasmonates, such as methyl jasmonate (MeJA) and 
jasmonoyl-L-isoleucine (JA-Ile), which are formed after conjugation of a methyl group or 
isoleucine to JA, respectively (Wasternack & Song, 2017). After JA-Ile is formed in the cytosol, 
it enters the nucleus (likely through an ATP-binding cassette transport protein known as JA 
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Transporter 1) where it regulates the expression of JA-responsive genes (Koo, 2018; Wang et al., 
2019). In the JA signaling pathway there are both bioactive and nonbioactive jasmonates; 
bioactive jasmonates are endogenous oxylipins that promote the formation of coreceptor 
complexes, and nonbioactive compounds are either metabolic precursors or catabolic derivatives 
of receptor-active jasmonates (Howe et al., 2018). JA-Ile is the only bioactive form of 
jasmonates, whereas, JA, MeJA, and OPDA are nonbioactive jasmonates (Howe et al., 2018). 
The JA signaling pathway is initiated by a biotic or abiotic stress that triggers production 
of endogenous elicitors (i.e. peptides, oligosaccharides, reactive oxygen species, nucleotides, ion 
influx, or membrane depolarization) that lead to de novo synthesis of JA (Koo, 2018). JA-
responsive gene expression occurs when JA-Ile is recognized by a nuclear-resident coreceptor 
complex consisting of JASMONATE ZIM-domain (JAZ) and CORONATINE INSENSITIVE1 
(COI1) proteins (Howe et al., 2018; Koo, 2018). JAZ proteins are transcriptional repressors that 
block the activity of transcription factors (TFs), such as MYC2 (Koo, 2018). MYC2 and its close 
relatives (MYC3 and MYC4) are basic helix-loop-helix TFs that bind to G-box motifs to regulate 
the expression of several jasmonate-responsive genes (Howe et al., 2018). Increasing levels of 
JA-Ile during stress conditions promote binding of the JAZ to COI1, an F-box protein 
component of the E3 ubiquitin ligase complex known as Skip1-Cul1-F-box protein (SCFCOI1) 
(Howe et al., 2018; Koo, 2018). The TFs are relinquished from repression by the ubiquitination 
of JAZ proteins by SCFCOI and their subsequent degradation via the 26S proteasome, resulting in 
transcription of jasmonate-responsive genes (Koo, 2018). The outcome of these transcriptional 
changes can be grouped into two categories: increased defense-related traits and inhibition of 
plant growth (Koo, 2018). The growth inhibition may be the result of limited metabolic and 
energy resources being reallocated to support the massive induction of defense traits and the 
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active interference with cell cycle progression, cell division, and cell elongation (Koo, 2018). 
Additionally, mounting evidence indicates crosstalk between JA and other hormonal (i.e. 
abscisic acid, ethylene, gibberellic acid, and indole-3-acetic acid) or light signaling pathways in 
order to balance these tradeoffs of growth and defense (Koo, 2018). 
OPRs play a pivotal role in the biosynthesis of jasmonates and have been studied in 
several species, such as Zea mays (maize), Oryza sativa (rice), Arabidopsis thaliana, Solanum 
lycopersicum, and Pisum sativum (Agrawal et al., 2004; Biesgen & Weiler, 1999; Ishiga et al., 
2002; Matsui et al., 2004; Strassner et al., 2002; Zhang et al., 2005). It is important to note there 
are two isoforms of OPRs classified as OPRI and OPRII that differ in their substrate specificity, 
and only OPRII isoforms are involved in JA biosynthesis (Matsui et al., 2004; Schaller et al., 
1998). OPRI isoforms prefer cis-(-) OPDA as a substrate, while OPRII isoforms prefer the 
natural precursor to JA, cis-(+) OPDA (Matsui et al., 2004; Schaller et al., 1998). Additionally, 
OPRII isoforms are localized to the peroxisome, whereas OPRI isoforms are generally localized 
to the cytosol (Strassner et al., 2002). The physiological function remains unknown for OPRI 
isoforms; however, they may play a role in mediating oxidative stress or detoxification due to 
their ability to reduce double bonds from α,β-unsaturated carbonyl groups (i.e. aldehydes or 
ketones), which are Michael acceptors that are often cytotoxic (Beynon et al., 2009; Esterbauer, 
1991; Fitzpatrick et al., 2003; Kohli & Massey, 1998; Trotter et al., 2006; Uchida, 2003). 
Monocot OPRI isoforms have demonstrated increased expression after exposure to chemical or 
stress treatments, such as induction of OsOPR1 expression by JA, salicylic acid, ethylene, and 
hydrogen peroxide, and induction of ZmOPR1 and ZmOPR2 expression by fungal pathogens and 
salicylic acid treatments (Agrawal et al., 2003; Zhang et al., 2005). 
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It is also important to note that the non-enzymatically formed oxylipins, such as 
phytoprostanes, also accumulate under stressful conditions (Cuyamendous et al., 2015). 
Phytoprostanes are formed when α-linolenic acid in cellular membranes is peroxidized by 
reactive oxygen species (Cuyamendous et al., 2015). Phytoprostanes are structurally similar to 
OPDA and induce the expression of herbicide-metabolizing enzymes, such as GSTs, P450s, and 
ABC transporter proteins, in Arabidopsis cell cultures (Mueller et al., 2008). Both OPDA and 
phytoprostanes are classified as reactive electrophilic species because their structure contains a 
cyclopentenone ring, which has a α,β-unsaturated carbonyl group (Améras et al., 2003; Thoma et 
al., 2003). Interestingly, phytoprostanes are also metabolized by certain GSTs and OPRI 
isoforms (Brazier-Hicks et al., 2018). These findings indicate that enzymatically and/or non-
enzymatically formed oxylipins might be involved with the signaling pathway that induces genes 
encoding herbicide detoxification enzymes following safener treatments. 
OPRs were induced by the herbicide safener, cloquintocet-mexyl, in T. tauschii (the D 
genome progenitor of wheat), which led researchers to originally hypothesize that herbicide 
safeners are using a JA-mediated signaling pathway to induce the expression of herbicide 
metabolic enzymes mentioned in previous sections (Riechers et al., 2010; Zhang et al., 2007). 
Compared to maize and rice, wheat OPRs have only been studied to a small extent, which is 
likely due to the complexity of the wheat genome, and unlike maize and rice (International Rice 
Genome Sequencing Project, 2005; Schnable et al., 2009), the genome of wheat has only 
recently been sequenced (IWGSC, 2018). To date, only two OPR genes, TaOPR1 and TaOPR2, 
have been characterized in wheat (Dong et al., 2013; Wang et al., 2016). TaOPR1 encodes an 
OPRI located on the short arm of chromosome 2B, and it conferred salinity tolerance when 
transformed into salinity sensitive wheat and Arabidopsis lines (Dong et al., 2013). TaOPR2 
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encodes an OPRII located on chromosome 7B, and its expression was altered by several 
treatments, such as abscisic acid, salicylic acid, gibberellic acid, low temperatures, high salinity, 
wounding, drought and methyl jasmonate (Wang et al., 2016). Recently, the entire OPR gene 
family of wheat has been characterized, which includes a total of 48 OPR genes in the hexaploid 
wheat genome (Mou et al., 2019). Only three of these OPRs are predicted to be localized to the 
peroxisome while the other OPRs are likely localized to the mitochondria, chloroplast and 
cytoplasm (Mou et al., 2019). The few peroxisome-localized OPRs include TaOPR2, and the 
other two OPRs are located on chromosomes 1B and 7D (Mou et al., 2019). Given that OPRII 
isoforms are always localized to the peroxisome, these three genes are likely the only OPRII 
isoforms in the wheat genome. 
1.4 Synthetic Auxin Herbicides and their Mode of Action 
Synthetic auxin herbicides are one of the most commonly applied herbicides in both 
winter and spring wheat production in the United States. For example, 2,4-D and dicamba were 
applied to about 30% and 15% of winter wheat acres in 2017, respectively, and about 35% and 
23% of the spring wheat acres were treated with clopyralid and 2-methyl-4-chlorophenoxyacetic 
acid (MCPA), respectively (USDA-NASS, 2018). The synthetic auxin herbicides consist of 
several classes: phenoxycarboxylic acids, benzoic acids, picolinic acids, and quinolinecarboxylic 
acids (Grossmann, 2010). These herbicides are denoted as synthetic auxin herbicides because 
they mimic natural auxin, indole-3-acetic acid (IAA), which is an important plant phytohormone 
that regulates almost every aspect of growth and development (i.e., cell division, cell elongation, 
leaf initiation, phyllotaxy, root formation) (Grossmann, 2010). These herbicides have been used 
since the 1940s and have remained popular due to their ability to selectively control dicot weeds 
in monocot crops (McSteen, 2010). The first synthetic auxins discovered in the 1940s were the 
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phenoxycarboxylic acids, 2,4-D and MCPA, which remain popular today (Schmitzer et al., 
2015). Due to the success of these herbicides more synthetic auxins have been commercialized, 
such as members of picolinic acids (picloram, clopyralid, and aminopyralid), benzoic acids 
(dicamba), and quinolinecarboxylic acid (quinclorac and quinmerac) (Epp et al., 2016; Mithila et 
al., 2011; Schmitzer et al., 2015). 
 The IAA signaling pathway begins with de novo synthesis of IAA, which binds to the 
transport inhibitor response 1 (TIR1) protein and its homologs known as auxin-binding F-box 
(AFB) proteins (Grossmann, 2010). TIR1/AFB proteins are the recognition components of the 
E3 ubiquitin ligase known as Skp1-cullin-F-box protein (SCFTIR1/AFB), which is part of the 
ubiquitin–proteasome degradation pathway (Grossmann, 2010). Under low auxin conditions, 
transcriptional activators for auxin-responsive genes, referred to as auxin response factors 
(ARFs), are repressed by Aux/IAA transcriptional repressor proteins (Grossmann, 2010). When 
IAA or synthetic auxins bind to TIR1/AFB under high auxin conditions, Aux/IAA transcriptional 
repressor proteins are targeted for ubiquitination via SCFTIR1/AFB and subsequently degraded, 
which results in the expression of ARFs (Grossmann, 2010; Mithila et al., 2011). These ARFs 
lead to overexpression of 1-aminocyclopropane-1-carboxylic acid (ACC) synthase and 9-cis-
epoxycarotenoid dioxygenase (NCED), which are involved with ethylene and abscisic acid 
(ABA) biosynthesis, respectively (Grossmann, 2010). Normally, repression of the ARFs by 
Aux/IAA repressors eventually returns due to GH3-mediated conjugation of IAA with amino 
acids, and Aux/IAA repressors are induced by ARFs (Mithila et al., 2011). Since synthetic 
auxins are not GH3 substrates, the concentration of these herbicides remains high in cells of 
sensitive plants, resulting in the ARFs continuously activating the transcription of ACC synthase 
and NCED (Grossmann, 2010; Mithila et al., 2011). The resulting high levels of ethylene cause 
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several growth abnormalities that occur within 24 hours after treatment, including leaf epinasty, 
stem curvature, tissue swelling, and inhibition of auxin transport (Grossmann, 2000, 2010). The 
ethylene also post-transcriptionally stimulates NCED activity to further increase ABA 
biosynthesis (Grossmann, 2010). The abundance of ABA inhibits cell division and causes 
stomatal closure, which results in reduced transpiration, carbon assimilation, and production of 
reactive oxygen species (Grossmann, 2000, 2010). Together, ABA and ethylene cause 
accelerated foliar senescence, chloroplast damage, and destruction of membrane and vascular 
system integrity, which causes progressive chlorosis, and necrosis, and plant death (Grossmann, 
2000, 2010). In the case of sensitive grasses (i.e., Echinochloa, Digitaria, Setaria and Brachiaria 
spp.) treated with quinclorac, the production of cyanide occurs as a consequence of ethylene 
biosynthesis, which causes cell death and necrosis (Grossmann, 2010). Sensitive grasses exhibit 
growth inhibition, progressive leaf chlorosis beginning in the youngest leaves, wilting, and 
necrosis of the leaf shoot (Grossmann, 2010). 
With the exception of quinclorac, monocots generally display tolerance towards synthetic 
auxin herbicides while dicots are sensitive (Grossmann, 2010). Selectivity can be attributed to 
differences in synthetic auxin herbicide metabolism, herbicide translocation, and plant 
morphology (Sterling & Hall, 1997). Metabolism of herbicides to non-phytotoxic molecules is 
the primary mechanism for selectivity because tolerant monocot crops, like wheat, possess P450s 
that perform irreversible hydroxylation reactions followed by glucose conjugation via UDP-
dependent glucosyltransferases (UGTs) of the synthetic auxin herbicides while metabolism in 
dicots is mainly reversible amino acid conjugation reactions (Frear, 1995; Sterling & Hall, 1997). 
As a result of these reversible metabolic reactions in dicots, some amount of the active form of 
the herbicide is always present in the cell (Sterling & Hall, 1997). Translocation differences may 
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also contribute in the disparity in tolerance with translocation at the site of application being 
more restricted in monocots than dicots (Sterling & Hall, 1997). In terms of morphology, the 
phloem of dicots is destroyed due to abnormal tissue proliferation, while monocots are protected 
from this form of damage due to the phloem being scattered in bundles that are surrounded by 
protective sclerenchyma tissue (Sterling & Hall, 1997). The lack of synthetic auxin herbicide 
sensitive cambium and pericycle from vascular bundles in monocots may also contribute to 
natural tolerance (Sterling & Hall, 1997). 
While the role of P450s in herbicide metabolism has been established, a specific P450 
enzyme associated with synthetic auxin metabolism has not been characterized in wheat. The 
maize Nsf1 and rice CYP81A6 genes confer tolerance to ALS-inhibiting herbicides and bentazon; 
Nsf1 also confers tolerance to dicamba as well as other postemergence herbicides from a total of 
five site-of-action groups (Nordby et al., 2008; Pan et al., 2006; Zhang et al., 2007). These 
findings indicate that herbicide tolerance in these grasses may be due to a single pleiotropic gene 
(i.e., a qualitative trait) encoding a P450 enzyme that metabolizes several herbicides. 
1.5 Arylpicolinic Acids: A New Class of Synthetic Auxin 
Halauxifen-methyl (trade marked as Arylex) is a new herbicide developed by Dow 
AgroSciences, and it is the first member of the arylpicolinic acid class of synthetic auxin 
herbicides (Epp et al., 2016; Schmitzer et al., 2015). The origin of halauxifen-methyl began in 
1960 when Dow Chemical serendipitously discovered picloram, the first member of the picolinic 
acids, while testing experimental nitrification inhibitor, 2,3,4,6-tetrachloro-6 
(trichloromethyl)pyridine, which converted to picloram in the soil after exposure to ammonia 
fertilizer and soil microbes (Epp et al., 2016; Schmitzer et al., 2015). All members of the 
picolinic acid class are derived from picolinic acid, and since the commercialization of picloram 
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in 1963, Dow has discovered all picolinic acid herbicides to date, including clopyralid and 
aminopyralid (Epp et al., 2016; Schmitzer et al., 2015).  
The discovery of picloram prompted the synthesis of clopyralid in 1961, but clopyralid 
did not become commercially available until 1975 due to its narrow weed spectrum (Epp et al., 
2016, 2018; Schmitzer et al., 2015). In the 1960s, synthesis of new picolinic acid herbicides was 
limited to different combinations of chlorines at the 3-, 4-, 5-, and 6-positions of the pyridine 
ring and converting the carboxylic acid at the 2-position to an amide, nitrile, or ester (Epp et al., 
2018). It was not until 1998 that a new picolinic acid herbicide, aminopyralid, was discovered 
through selectively reducing picloram in an electrochemical reaction (Epp et al., 2018). 
Experiments showed that aminopyralid had much greater control of dicot weeds at rates 2-10 
times lower than picloram, and its discovery garnered interest in exploring the chemical diversity 
of the picolinic acid core with one of the initial synthetic strategies being the replacement of the 
6-position chlorine with an aromatic ring (Epp et al., 2018; Schmitzer et al., 2015).  
In 2015, the first arylpicolinic acid, halauxifen-methyl, became commercially available, 
and like picloram, clopyralid and aminopyralid, it is derived from picolinic acid with the unique 
addition of an aromatic ring (Epp et al., 2018; Schmitzer et al., 2015). In the United States, the 
primary halauxifen-methyl product labeled for use in wheat is known as Quelex, which includes 
an ALS-inhibiting herbicide, florasulam, and the acid form of cloquintocet-mexyl, cloquintocet 
acid (Anonymous, 2018). Halauxifen-methyl controls several troublesome broadleaf weeds, such 
as horseweed (Conyza canadensis), common ragweed (Ambrosia artimisiifolia), common 
lambsquarters (Chenopodium album), and redroot pigweed (Amaranthus retroflexus), and has 
excellent selectivity for wheat and barley (Anonymous, 2017, 2018; Epp et al., 2016). 
Halauxifen-methyl was initially developed as a herbicide mixing partner for POST weed control 
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in cereal crops at low application rates (5-7.5 g ha-1). However, it can also be used as a burndown 
treatment prior to soybean planting at even lower rates (1-2 g ha-1) due to its short soil half-life of 
10-25 days and little soil residual activity (Epp et al., 2018). These properties, in addition to its 
low soil mobility, minimize the number and type of use restrictions for halauxifen-methyl (Epp 
et al., 2018). Currently, the literature pertaining to HM metabolism in wheat, especially 
information regarding specific HM-metabolizing enzymes, is scarce aside from de-esterification 
of HM to the active halauxifen acid, followed by O-demethylation on the aryl ring and glucose 
conjugation (Herbicide Handbook Committee, 2014).  
1.6 Research Objectives 
Little is known about the genes in wheat responsible for synthetic auxin tolerance and the 
signaling pathways needed to achieve the safener-response phenotype. My studies may provide 
some insight into this mystery by identifying safener-inducible TaOPR genes and narrowing 
down the location of relevant genes for synthetic auxin tolerance and/or the safener-response 
phenotype through the use of wheat aneuploids and alien substitution lines. My hypothesis is that 
the chromosomes containing genes encoding key synthetic auxin-metabolizing enzymes 
(particularly P450s) will be identified because alien substitution lines lacking the chromosomes 
with the metabolic genes will be sensitive to applications of synthetic auxins, while the lines 
possessing these genes will be tolerant. Similarly, this method could also identify chromosomes 
containing genes encoding enzymes needed for safener gene regulation (possibly OPRs) because 
certain alien substitution lines may not respond to safener application. It is also possible that 
genes encoding herbicide-metabolizing enzymes will confer natural tolerance to synthetic auxins 
and do not require safener induction. For example, screening wheat germplasm may identify 
lines that naturally overexpress the gene of interest, possess a higher copy number of the genes, 
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or encoded enzymes might have more/less favorable enzymatic properties with herbicide 
substrates. 
Both corn and wheat are common Midwestern U.S. crops where safeners are commonly 
utilized to prevent crop injury, but the value of safeners is much higher in wheat since the 
development and commercialization of transgenic herbicide-resistant hexaploid wheat is unlikely 
due to the risk of weedy relatives acquiring the resistance trait via transgene flow (Hegde & 
Waines, 2004; Zemetra et al., 1998). By contrast, introducing transgenes via genetic engineering 
is a common method for achieving herbicide and insect tolerance in corn since it lacks closely 
related weedy relatives in North America (Duke & Powles, 2008). 
The overall goal of my thesis research is to identify the chromosomes and chromosome 
arms of hexaploid wheat possessing genes that confer either natural or safener-induced tolerance 
to synthetic auxin herbicides. Objective 1 will involve locating the chromosomes containing the 
gene(s) endowing natural or safener-induced tolerance, Objective 2 will involve identifying the 
arms of the chromosomes identified in Objective 1 that possess the gene(s) of interest, and 
Objective 3 will involve identifying safener-inducible OPR genes. 
Chapter 2 will discuss alien substitution and aneuploid experiments (Objectives 1 and 2) 
using the T. aestivum variety ‘Chinese Spring’, 21 alien substitution lines, and diploid Ae. searsii 
with different halauxifen-methyl rates in combination with the safener, cloquintocet-mexyl. After 
analyzing dry weight results, substitutions of the group 5 chromosomes were the most sensitive 
to halauxifen-methyl treatments. Ditelosomic and nullisomic-tetrasomic lines for the group 5 
chromosomes were obtained from the Kansas State Wheat Genetics Resource Center and 




Chapter 3 will discuss research aimed at identifying safener-responsive TaOPR genes via 
gene-specific reverse transcription (RT)-qPCR. RNA from leaf and meristematic tissue was 
extracted from both untreated and cloquintocet-mexyl-treated plants at three time points (3, 6, 
and 12 hours after treatment), and the expression of three TaOPR genes was analyzed. A TaOPR 
gene located on the long arm of chromosome 6D (TaOPR6DL) displayed the highest expression 
levels in all sampled safener-treated tissues relative to unsafened controls, with an approximate 
128-fold induction in the shoot meristematic region. Fold inductions for the TaOPR genes on the 
short arm of 2B (TaOPR2BS; 20-fold) and the long arm of 7D (TaOPR7DL; 6-fold) were not as 
high as TaOPR6DL. The highest fold inductions for all genes were observed at 6 HAT but were 
transient in nature. According to more recently published research, TaOPR6DL and TaOPR2BS, 
are both likely OPRI isoforms that are localized to the mitochondria and cytosol, respectively 
(Mou et al., 2019). 
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IDENTIFICATION OF CHROMOSOMES IN HEXAPLOID BREAD WHEAT 
(TRITICUM AESTIVUM L.) POSSESSING GENES ASSOCIATED WITH NATURAL 
TOLERANCE TO THE SYNTHETIC AUXIN HERBICIDE HALAUXIFEN-METHYL 
2.1 Abstract 
 Like other monocots, hexaploid bread wheat (Triticum aestivum L.) displays a natural 
tolerance to synthetic auxin herbicides due to rapid metabolic detoxification; however, genes 
encoding synthetic auxin herbicide-detoxifying enzymes have yet to be identified. Herbicide 
safeners are commonly applied with herbicides to achieve or enhance herbicide tolerance in 
wheat by enhancing the expression and activity of herbicide-detoxifying enzymes. While 
safeners have been utilized for decades, knowledge regarding the mechanisms that induce 
expression of herbicide-detoxifying enzymes is limited. My objective was to identify wheat 
chromosomes possessing genes that endow natural or safener-induced tolerance to halauxifen-
methyl (HM), a postemergence (POST) wheat-selective synthetic auxin herbicide, using alien 
substitution (the S genome of Aegilops searsii served as the alien genome) and aneuploid lines. 
Two POST rates of HM were applied to wheat seedlings with 1-2 leaves (Zadoks stages 11-12), 
and the highest HM rate was also applied with the safener cloquintocet-mexyl (CM). Wheat 
chromosomes possessing genes associated only with natural HM tolerance were identified 
because Ae. searsii is HM-sensitive but CM-responsive. Lines with substitutions for 5A and 5B 
displayed sensitivity to HM relative to their respective nontreated controls, and experiments with 
nullisomic-tetrasomic (NT) lines further indicated that major genes associated with HM 
tolerance are present on 5A and 5B chromosomes. However, the genes on 5A appear to play a 
larger role because lines lacking 5A chromosomes displayed greater sensitivity than lines lacking 
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5B chromosomes. Overall, these results can be utilized to guide future transcriptome analyses to 
identify candidate genes that confer HM tolerance in wheat.  
2.2 Introduction  
Triticum aestivum L. (wheat) is an allohexaploid (2n = 6x = 42; AABBDD) consisting of 
three homeologous sets of seven chromosomes in the A, B, and D genomes (Glover et al., 2016; 
IWGSC, 2014). Since wheat is a polyploid, it can tolerate aneuploidy (the loss or duplication of 
chromosomes) without losing fertility, which led to the creation of aneuploid lines from the 
cultivar, ‘Chinese Spring’, by Dr. Ernie Sears (Law et al., 1987; Sears, 1954, 1966). 
Additionally, wheat alien substitution lines were created since wheat can tolerate the replacement 
of native chromosomes with homoeologous chromosomes from another species (referred to as 
the ‘alien’ genome) (Jiang et al., 1994). Current applications of aneuploid and alien substitution 
lines include identifying chromosomes that possess genes of interest as well as analyzing 
homoeologous gene expression patterns and regulation (Khlestkina, 2014). These genetic 
resources have allowed researchers to study numerous genes related to grain nutrient content, 
biotic and abiotic stresses, and defense compound and phytohormone biosynthesis (Anderson et 
al., 1998; Dong et al., 2013; Friebe et al., 1996; Fu et al., 2012; Kalapos et al., 2017; Nomura et 
al., 2002; Rawat et al., 2011; Sharp et al., 1988; Wang et al., 2016). Generally, these experiments 
are designed to identify which aneuploid and/or alien substitution line(s) lack a phenotypic 
response to a treatment or gene expression pattern that is normally observed in wheat. Lines with 
replacements or deletions of entire or portions of certain chromosomes that lack the wild-type 
phenotypes or expression patterns provide evidence for the location of genes of interest. 
Occasionally genes from the alien chromosomes enhance certain traits, particularly disease 
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resistance, and thus allow researchers to identify genes in related species that can be transferred 
into hexaploid wheat for crop improvement (Anderson et al., 1998; Fu et al., 2012).   
 Synthetic auxin herbicides (Figure 2.1) are commonly used for postemergence (POST) 
dicot weed control in wheat and other cereal crops (Mithila et al., 2011). These herbicides are 
denoted ‘synthetic auxins’ because they mimic the natural phytohormone, indole-3-acetic acid 
(IAA), which regulates almost every aspect of plant growth and development (McSteen, 2010; 
Zazimalova et al., 2014). Like other cereal crops, wheat possesses a natural tolerance to synthetic 
auxin herbicides, which allows for selective control of dicot weeds (Grossmann, 2010). 
Metabolism of herbicides to non-phytotoxic compounds is the primary mechanism for selectivity 
between monocots and dicots (Grossmann, 2010). Monocots possess cytochrome P450-
dependent monooxygenases (P450s) that catalyze irreversible ring-hydroxylation reactions of 
synthetic auxin herbicides that lead to detoxification. While ring hydroxylation of synthetic 
auxin herbicides (such as 2,4-D) occurs in dicots to some extent (Feung et al., 1975), metabolism 
of these herbicides in dicots occurs primarily through reversible reactions, such as amino acid or 
sugar conjugation of the carboxylic acid, which do not lead to permanent detoxification (Mithila 
et al., 2011; Sterling & Hall, 1997). 
P450s are detoxification enzymes that generally hydroxylate or de-alkylate the parent 
herbicide (Frear, 1995; Siminszky, 2006), forming a less toxic compound and predisposing the 
herbicide to glucose conjugation by UDP-dependent glucosyltransferase (UGTs) and subsequent 
sequestration to the vacuole by ATP-binding cassette transport proteins (Kreuz et al., 1996). 
While the role of certain P450s in herbicide metabolism in tolerant crops and resistant weeds has 
been established (Nandula et al., 2019; Siminszky, 2006), a specific gene encoding a P450 
responsible for synthetic auxin metabolism has not been characterized in wheat. However, the 
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maize (Zea mays) Nsf1 and rice (Oryza sativa) CYP81A6 genes encode P450s that confer 
tolerance to ALS-inhibiting herbicides and bentazon; Nsf1 also confers tolerance to dicamba as 
well as other POST herbicides from a total of five site-of-action groups (Nordby et al., 2008; Pan 
et al., 2006; Zhang et al., 2007). These findings indicate that herbicide tolerance in these grasses 
may due to a single pleiotropic gene (i.e., a qualitative trait) encoding a P450 enzyme that 
metabolizes several herbicides. 
A common practice to increase herbicide tolerance in large-seeded cereals is to utilize 
herbicide safeners, which are chemical compounds that induce the expression of herbicide 
detoxification and transporter enzymes (Hatzios & Burgos, 2004; Kraehmer et al., 2014; 
Riechers & Green, 2017). Several safeners are currently available for cereal crops to protect 
against herbicides that inhibit acetolactate synthase, acetyl-CoA carboxylase, and very-long-
chain fatty acid elongases (Davies & Caseley, 1999; Sun et al., 2017; Taylor et al., 2013). Wheat 
safeners are often applied POST in a tank mixture with the herbicide, which offers simplicity to 
applicators (Kraehmer et al., 2014). While safeners have been prevalent in agriculture for 
decades and their phenotypic and metabolic effects are well documented, knowledge of safener 
regulation of corresponding genes or signaling pathways is still limited (Kraehmer et al., 2014; 
Riechers et al., 2010). 
 The herbicide examined in the present study is halauxifen-methyl (HM), which is a 
recently commercialized synthetic auxin and the first member of the 6-aryl-picolinic acid 
subclass (Epp et al., 2016; Schmitzer et al., 2015). HM is typically applied POST to wheat in a 
tank mixture that includes other herbicides and an herbicide safener (Epp et al., 2018). Currently, 
the literature pertaining to HM metabolism in plants is scarce aside from de-esterification of HM 
to the active halauxifen-acid, followed by O-demethylation on the aryl ring and glucose 
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conjugation (Herbicide Handbook Committee, 2014). In general, however, little is known about 
the genes conferring synthetic auxin tolerance and the signaling pathways needed to achieve the 
safener phenotype in wheat. However, through the use of wheat aneuploid and alien substitution 
lines, I hypothesize that wheat chromosomes possessing relevant gene(s) for natural or safener-
inducible HM tolerance in wheat can be identified. Objective 1 of my research was to identify 
wheat chromosomes containing genes endowing natural or safener-induced tolerance to HM. 
Objective 2 was to identify which homoeologs identified in Objective 1 possess the genes of 
interest, and Objective 3 was to identify which chromosome arms that possess the genes of 
interest. Only a few studies have been conducted using wheat aneuploid and alien substitution 
lines to identify chromosomes containing genes encoding herbicide-metabolizing enzymes 
(Riechers et al., 1998, 1996), but these studies did not identify genes associated with POST 
synthetic auxin herbicide tolerance. 
2.3 Materials and Methods 
2.3.1 Chemicals and Plant Materials 
Chemicals used in the following experiments include the wheat safener, cloquintocet-
mexyl (CM; formulated as a 25% active ingredient wettable powder), and the Elevore 
formulation of halauxifen-methyl (HM). Seed of ‘Chinese Spring’, 21 alien substitution lines, 
nullisomic-tetrasomic (NT) lines and ditelosomic (Dt) lines were acquired from the Kansas State 
Wheat Genetics Resource Center, and Aegilops searsii (PI 599163) seed was acquired from the 
National Small Grains Collection of the US Department of Agriculture/Agricultural Research 
Service. Ae. searsii (2n = 2x = 14; SS) is a wild diploid species and wheat relative native to the 




2.3.2 Seed Sowing and Treatment Application 
Prior to germination, seeds were subjected to a cold treatment by placing them on water-
soaked filter paper in Petri dishes in a 5°C cold room for three days in order to promote uniform 
germination. When seeds germinated they were planted in 382 cm3 pots containing a 1:1:1 soil 
mixture of soil, peat, and sand, and slow-release fertilizer (Everris Osmocote Classic 13-13-13; 
BFG Supply, Burton, OH). The pots were moved to a greenhouse room with a 14-hour day 
length and a constant 21 to 23°C temperature band. When seedlings produced 1-2 leaves (Zadoks 
stages 11-12), treatments were applied using a compressed air research sprayer calibrated to 
deliver 187 L ha-1 at 275 kPa with an even flat-fan nozzle. 
2.3.3 Screening Alien Substitution, Nullisomic-Tetrasomic, and Ditelosomic Lines 
The first study included ‘Chinese Spring’, 21 alien substitution lines, and Ae. searsii in 
order to determine which chromosomes contain genes necessary for natural or safener-induced 
HM tolerance. Rates for HM were based on a typical field rate of the commercial product 
Quelex, which is approximately 5 g a.e. ha-1 (Anonymous 2018). Treatments included a control 
(only adjuvants), 20 g a.e. ha-1 HM (4x), 60 g a.e. ha-1 HM (12x), and 60 g a.e. ha-1 HM with 3.75 
g ha-1 (60 μM; equivalent to the field rate in Quelex) of CM (12x + CM). All treatments also 
included 1.25% (v/v) methylated seed oil and 2.5% (v/v) ammonium sulfate. Rates of 20 and 60 
g a.e. ha-1 are approximately 4 and 12 times the HM field rate, respectively. Four plants 
(replicates) from each line were subjected to each treatment, and following the application, all 
plants were arranged in a completely randomized design in the greenhouse room described 
above. At 21 days after treatment (DAT) plants were cut at the soil line, bagged and dried in a 
65°C oven. After plants were dry, weights were recorded and treatments among each of the lines 
were compared to their respective controls. This experiment was conducted twice and data were 
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pooled for further statistical analysis as described below. Mean biomass from the 4x, 12x, and 12 
+ CM treatments are expressed as a percent of the control treatment for each line. 
Results for the first experiment prompted the next experiment that included ‘Chinese 
Spring’ and the NT lines: N5A-T5B, N5A-T5D, N5B-T5D, N5D-T5A, and N5D-T5B. Seed for 
the N5B-T5A line was not available from the Kansas State Wheat Genetics Resource Center. 
Experimental methods for this study were identical to the previous study with a few 
modifications: 20 g a.e. ha-1 HM treatment was not applied and five plants (replicates) from each 
line were subjected to each treatment. 
The third experiment included CS, and a set of Dt lines for the group 5 homoeologues 
(Dt5L): Dt5AL, Dt5BL, Dt5DL. These lines are missing both copies of the short arms of the 
denoted homoeologous chromosomes. For example, Dt5AL is lacking the short arms of 
chromosome 5A. Experimental methods for screening these lines were identical to the previous 
study. Dt lines that lack both copies of the group 5 chromosome long arms are not available due 
to sterility in these lines when created. The sterility is due to the pairing homoeologous 1 (Ph1) 
gene located on the long arms of the group 5 chromosome, which controls homologous pairing, 
and absence of this gene causes multivalent formation during metaphase I of meiosis (Bhullar et 
al., 2014; Griffiths et al., 2006).  
2.3.4 Statistical Analysis 
 For each experiment, data were pooled from each individual replication, and residuals 
were tested for normality and homogeneity of variance with PROC UNIVARIATE and PROC 
GLM, respectively (SAS 9.4). Data were subjected to ANOVA, and treatment means were 




2.4 Results and Discussion 
2.4.1 Response of Alien Substitution Lines to Halauxifen-methyl in the Greenhouse  
 Significant injury was only noted in ‘Chinese Spring’ following the 12x treatment when 
compared to the nontreated control, but injury was prevented with the 12x + CM treatment 
(Table 2.1; Figure 2.2 A). In Ae. searsii, significant injury was achieved with both the 4x and 
12x treatments when compared to the nontreated control, and the 12x + CM treatment was 
significantly different from 4x, 12x and control treatments (Table 2.1; Figure 2.2 B). These 
results indicate that HM injury in ‘Chinese Spring’ can be prevented when CM is included but 
only partially prevented in Ae. searsii (Table 2.1). The 4x and 12x HM treatments caused 
approximately 19% and 29% reductions in biomass in ‘Chinese Spring’, respectively, while the 
same treatments caused 83% and 85% reductions in biomass in Ae. searsii, respectively (Table 
2.1). Overall, ‘Chinese Spring’ displayed an expected natural tolerance to HM, even at rates 
higher than recommended by the product label. By contrast, results for Ae. searsii indicate that it 
lacks natural HM tolerance, meaning that substitutions from this species should not increase 
tolerance in ‘Chinese Spring’ and, therefore, allow for detection of wheat chromosomes 
possessing genes that govern natural HM tolerance. However, these results also indicate that Ae. 
searsii possesses CM-responsive genes whose expression enhances HM metabolism, resulting in 
a significant reduction in injury compared to HM alone. Since it is unknown which 
chromosomes in Ae. searsii possess genes required for the safener response, this experimental 
approach would not likely indicate which chromosomes possess genes responsible for safener-
induced HM tolerance. This is evident since all the alien substitution lines responded to the CM 
treatment with increased HM tolerance (Table 2.1). Using aneuploid lines, such as ditelosomic or 
nullisomic lines, or a wheat alien substitution line with foreign chromosomes from a CM-
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unresponsive species would be needed to identify the chromosomes and genes necessary for the 
safening phenotype in wheat.  
The majority of the alien substitution lines displayed similar biomass reductions as 
‘Chinese Spring’ in response to the 4x (approximately 20% or less) and 12x HM (approximately 
30% or less) treatments, and in general the 12x + CM treatments were not significantly different 
from the control (Table 2.1). While several lines displayed significant biomass reductions in 
response to either 4x or 12x HM treatments, only substitutions for the group 5 chromosomes 
displayed biomass reductions of approximately 40% or more for one or both HM treatments 
(Table 2.1). Additionally, the group 5 lines are the only set of homoeologous chromosomes that 
differed for the 12x and 12x + CM treatments for all three substitution lines (Table 2.1). 
Substitutions for 5A and 5B displayed the largest biomass reductions among the 21 substitution 
lines from the 12x treatment but only the 5A line displayed a significant biomass reduction and 
injury from the 4x treatment (Table 2.1; Figure 2.3 A and B), indicating that genes on 
chromosome 5A primarily govern HM tolerance in hexaploid bread wheat. By contrast, biomass 
reductions and injury in the 5D line were more comparable to CS and other alien substitution 
lines (Table 2.1; Figure 2.3 C), suggesting that only chromosomes 5A and 5B possess genes 
required for HM tolerance. 
2.4.2 Response of Nullisomic-Tetrasomic and Ditelosomic Lines to Halauxifen-Methyl in 
the Greenhouse 
Similar to the previous study, ‘Chinese Spring’ displayed significant injury (i.e., an 
approximate 28% biomass reduction) from the 12x treatment but injury was prevented with CM 
(Figure 2.4). For each line, the 12x + CM treatment was not significantly different from the 
nontreated control, indicating that either genes required for the safening phenotype are not 
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located on group 5 chromosomes or that group 5 homoeologous genes can functionally 
compensate for one another. The N5A-T5D line displayed the greatest sensitivity to the 12x 
treatment (approximate 54% biomass reduction) relative to the nontreated control, indicating the 
importance of genes on chromosome 5A for natural HM tolerance (Figure 2.4). Biomass 
reductions for the N5A-T5B and N5B-T5D line from the 12x treatment were similar to ‘Chinese 
Spring’ with approximate 26% and 25% biomass reductions, respectively (Figure 2.4). Biomass 
reductions for N5D-T5A and N5D-T5B for the 12x treatment were less than ‘Chinese Spring’ 
with approximately 8% and 15% biomass reductions, respectively (Figure 2.4). Overall, these 
results are consistent with results using the alien substitution lines (Table 2.1) and indicate that 
only chromosomes 5A and 5B possess genes that contribute to natural HM tolerance. However, 
we hypothesize that the genes on 5A are more important for HM tolerance due to the higher 
injury levels resulting from the 12x treatment in N5A-T5D compared to N5B-T5D, but it is 
evident that 5B moderately contributes to HM tolerance since the N5A-T5B line displayed less 
sensitivity than N5A-T5D from the 12x treatment (Figure 2.4), possibly due to functional 
redundancy and compensation between the 5A and 5B homoeologous chromosomes. 
 Each Dt5L line displayed significant biomass reductions of approximately 20% relative 
to their respective nontreated controls, but injury in each line was significantly lower in response 
to the 12x + CM treatment (Figure 2.5). Since biomass reductions among Dt lines following the 
12x treatment were comparable to the biomass reduction for CS (Figure 2.5), this suggests that 
the short arms of the group 5 homoeologous chromosomes do not possess genes that govern 






Reductions in HM tolerance were quantified in wheat when chromosomes 5A and 5B 
were not present in either alien substitution lines with the S genome or in NT lines, indicating 
these chromosomes contain genes necessary for HM tolerance. Based on the results of the Dt5L 
lines, it is likely that genes needed for HM tolerance are located on the long arms of 5A and 5B. 
To determine whether rates of HM metabolism are altered in these NT or alien substitution lines, 
metabolism studies using excised leaves can be conducted using HPLC or LC-MS methods. 
Furthermore, the information and plant materials in this study can be used to identify candidate 
genes responsible for HM tolerance in wheat by mining RNA-Seq data generated from HM- or 
CM-treated leaf tissue (Obenland et al., 2020). Potential candidate genes might encode P450s or 
UGTs, which are typically responsible for synthetic auxin herbicide metabolism in cereals 
(Frear, 1995; Sterling & Hall, 1997). Candidate P450 genes on wheat group 5 chromosomes may 
represent homologs of Nsf1 (located on maize chromosome 5) and CYP81A6 (located on rice 
chromosome 3), which encode P450 enzymes that confer tolerance to multiple herbicides 
(Nordby et al., 2008; Pan et al., 2006; Zhang et al., 2007). The maize Nsf1 and rice CYP81A6 
genes confer tolerance to ALS-inhibiting herbicides and bentazon; Nsf1 also confers tolerance to 
dicamba as well as other postemergence herbicides from a total of five site-of-action groups 
(Nordby et al., 2008; Pan et al., 2006; Zhang et al., 2007). The discovery of synteny between 
chromosome 3 in rice and wheat group 5 chromosomes (Kota et al., 2006; Rice Chromosome 3 
Sequencing Consortium, 2005; Yan et al., 2003) supports my working hypothesis. Alternatively, 
HM tolerance in wheat might be controlled as a quantitative trait, where major and minor genes 
contribute to whole-plant HM tolerance. Finally, if subsequent research determines that HM-
metabolizing enzymes encoded by these genes are capable of metabolizing additional herbicides 
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or other xenobiotics (i.e., mycotoxins, allelochemicals, or environmental pollutants), then these 
genes could serve as useful markers to assist breeding programs aimed at increasing abiotic or 
biotic stress tolerance in wheat.  
The present experiments did not yield results regarding the location of genes that endow 
CM-induced tolerance. However, similar methods could be applied to wheat alien substitution 
lines with homoeologous chromosomes from a CM-unresponsive species or aneuploid lines to 
identify the chromosomes and/or arms of chromosomes that possess these genes. Alternatively, 
analysis of RNA-Seq data generated from leaf tissue treated with CM and HM alone and in 
combination could allow for identification of candidate genes that can later be functionally 
validated (Obenland et al., 2020). Identification of such genes are of value since it would 
enhance the understanding of how safeners induce the expression of herbicide metabolizing-
enzymes, and these genes could also serve as useful markers for breeding programs. 

















Table 2.1  Mean biomass of wheat ‘Chinese Spring’, Ae. searsii, and 21 alien substitution 
lines following herbicide and herbicide plus safener treatments. Treatments were applied to 
seedlings (Zadoks stages 11-12) included the following: nontreated control (adjuvants included 
in all other treatments: 1.25% methylated seed oil and 2.5% ammonium sulfate); 20 g a.e. ha-1 
halauxifen-methyl (HM) (4x); 60 g a.e. ha-1 HM (12x); and 60 g a.e. ha-1 HM with 3.75 g ha-1 
(equivalent to 60 µM) of cloquintocet-mexyl (CM) (12x + CM). Means (n = 8) for the nontreated 
control treatment are expressed in grams (g) and means (n = 8) for the 4x, 12x, and 12x + CM 
treatments are expressed as a percentage of the nontreated control for each line. Means for each 





















Percent of Nontreated Control 





























81% 69% 74% ab 

















90% 83% 97% a 

















95% 81% 86% a 

















96% 73% 87% ab 

















84% 53% 81% a 



















98% 86% a 

















82% 82% 91% a 
94% 87% 90% a 
43 
 
Figure 2.1  Structures of common synthetic auxin herbicides: 2,4-D (phenoxy-acetic acid; 
A), dicamba (benzoic acid; B), aminopyralid (pyridine carboxylic acid; C), and halauxifen-







Figure 2.2  Wheat ‘Chinese Spring’ (A) and Ae. searsii (B) plants 20 days following 
herbicide or herbicide plus safener treatments (one day before harvest). Treatments were 
applied to seedlings at Zadoks stages 11-12 and included the nontreated control (adjuvants 
included in all other treatments: 1.25% methylated seed oil and 2.5% ammonium sulfate); 20 g 
a.e. ha-1 halauxifen-methyl (HM) (4x); 60 g a.e. ha-1 HM (12x); and 60 g a.e. ha-1 HM with 3.75 







Figure 2.3  Wheat group 5 alien substitution lines 20 days following herbicide or herbicide 
plus safener treatments (one day before harvest). Treatments applied to seedlings at Zadoks 
stages 11-12 included the nontreated control (adjuvants included in all other treatments: 1.25% 
methylated seed oil and 2.5% ammonium sulfate); 20 g a.e. ha-1 halauxifen-methyl (HM) (4x); 
60 g a.e. ha-1 HM (12x); and 60 g a.e. ha-1 HM with 3.75 g ha-1 (equivalent to 60 µM; Quelex 
field rate) of cloquintocet-mexyl (CM) (12x + CM). Plants from the 5A, 5B and 5D alien 




Figure 2.4  Means for ‘Chinese Spring’ (CS) and nullisomic-tetrasomic (NT) lines treated 
with 60 g a.e. ha-1 halauxifen-methyl (HM) (12x; gray bars) and 60 g a.e. ha-1 HM with 3.75 
g ha-1 (equivalent to 60 µM; Quelex field rate) of cloquintocet-mexyl (CM) (12x + CM; 
yellow bars). Means for each treatment are expressed in grams (g). For each line, means of each 
treatment were separated with Fisher’s LSD (α = 0.01) and means that share the same letter are 






Figure 2.5  Means for ‘Chinese Spring’ (CS) and ditelosomic (Dt) lines treated with 60 g 
a.e. ha-1 halauxifen-methyl (HM) (12x; gray bars) and 60 g a.e. ha-1 HM with 3.75 g ha-1 
(equivalent to 60 µM; Quelex field rate) of cloquintocet-mexyl (CM) (12x + CM; yellow 
bars). Means for each treatment are expressed in grams (g). For each line, means of each 
treatment were separated with Fisher’s LSD (α = 0.01) and means that share the same letter are 
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CHAPTER 3  
EXPRESSION ANALYSIS OF 12-OXOPHYTODIENOIC ACID REDUCTASES IN 
RESPONSES IN RESPONSE TO POST-EMERGENCE CLOQUINTOCET-MEXYL IN 
HEXAPLOID BREAD WHEAT (TRITICUM AESTIVUM L.) 
3.1 Abstract 
Safeners are chemical compounds that protect large-seeded cereal crops from herbicide 
injury by inducing detoxification reactions that convert herbicides to non-phytotoxic metabolites, 
and they are commonly utilized in herbicide applications to hexaploid bread wheat (Triticum 
aestivum L.). While safeners have been prevalent in agriculture for decades and their phenotypic 
effects are well documented, knowledge of how safeners induce herbicide detoxification 
reactions is still limited. Previous studies reported that genes encoding 12-oxophytodienoic acid 
reductases (OPRs) displayed increased expression after exposure to stress or safener treatments. 
Since OPRs serve a crucial role in jasmonate (JA) biosynthesis, my current hypothesis is that 
safeners utilize a JA-mediated signaling pathway to induce the expression of genes encoding 
herbicide detoxifying enzymes, such as cytochrome P450-dependent monooxygenases, 
glutathione S-transferases, and ATP-binding cassette transporter proteins. The objective of this 
study was to identify safener-responsive TaOPR genes in leaf tissue and/or meristematic tissue 
via RT-qPCR at three time points (3, 6, and 12 hours after treatment). A TaOPR gene located on 
the long arm of chromosome 6D (TaOPR6DL) displayed high expression levels in all safener-
treated tissues relative to nontreated controls, with an approximate 125-fold induction in the 
shoot meristematic region. Fold inductions for the TaOPR genes on the short arm of 2B 
(TaOPR2BS; 20-fold) and the long arm of 7D (TaOPR7DL; 6-fold) were not as high as 
TaOPR6DL. The highest fold inductions for all genes were observed at 6 HAT but were transient 
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in nature, as evidenced by lower fold inductions at 12 HAT. Since cloquintocet-mexyl is an ester, 
and therefore a prosafener, it is possible that bioactivation of the parent ester and translocation of 
the free acid may influence these expression patterns in wheat leaves. While these results support 
the hypothesis that safeners induce the expression of certain TaOPRs, further analysis is needed 
to determine whether TaOPR6DL is required for JA biosynthesis or oxidized lipid-mediated 
signaling, and if its expression is required to achieve herbicide tolerance in wheat. 
3.2 Introduction 
Rapid herbicide metabolism is one of the main mechanisms behind tolerance where 
lipophilic, phytotoxic parent compounds are converted to hydrophilic or insoluble, non-
phytotoxic metabolites (Carvalho et al., 2009). The stepwise process of metabolism is divided 
into four parts: Phase I, Phase II, Phase III, and Phase IV (Davies & Caseley, 1999). The 
phytotoxic parent molecule is often subjected to oxidation reactions via cytochrome P450-
dependent monooxygenases (P450s) during Phase I, which predisposes the molecule to 
subsequent conjugation reactions of Phase II (Davies & Caseley, 1999; Siminszky, 2006). Phase 
II typically involves conjugation reactions of Phase I metabolites with glucose or amino acids, 
but parent molecules can also bypass Phase I through conjugation via glutathione S-transferases 
(GSTs) with reduced glutathione (GSH) (Davies & Caseley, 1999; Hatzios & Burgos, 2004). 
Rapid GSH conjugation via GSTs is the most common of the Phase II reactions (Davies & 
Caseley, 1999). By the end of Phase II, metabolites have little to no herbicidal activity and can 
be stored in cell organelles (Carvalho et al., 2009). During Phase III, Phase II metabolites are 
transported to the vacuole or extracellular spaces by ATP-binding cassette (ABC) transporter 
proteins in the tonoplast (Yuan et al., 2007). In Phase IV, Phase III metabolites may become 
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bound to components of the cell wall, including pectin, lignin, polysaccharides, and protein 
fractions, to form insoluble residues (Carvalho et al., 2009; Yuan et al., 2007). 
Herbicide safeners are frequently applied to achieve tolerance in wheat (Triticum 
aestivum L., 2n = 6x = 42; AABBDD) to herbicides that inhibit acetyl-CoA carboxylase, 
acetolactate synthase, and very-long-chain fatty acid elongases (Davies & Caseley, 1999; 
Kraehmer et al., 2014; Taylor et al., 2013). Safeners are a group of chemical compounds that 
protect large-seeded monocot crops by inducing the expression and activity of previously 
mentioned metabolic enzymes (Hatzios & Burgos, 2004; Riechers & Green, 2017). While 
safeners have been prevalent in agriculture for decades and their phenotypic and metabolic 
effects are well documented, knowledge of genes or signaling pathways induced by safeners to 
confer crop tolerance is still limited (Kraehmer et al., 2014; Riechers et al., 2010). 
 In order to respond to environmental stimuli (i.e., light, temperature extremes, drought, or 
pathogen infection), plants possess signaling networks that perceive stimuli and transcriptional 
responses that allow plants to adjust their growth, development and metabolism in order to 
survive (Howe et al., 2018). One extensively studied class of plant hormones that mediate plant 
development in response to both biotic and abiotic stresses are jasmonates (Howe et al., 2018; 
Wasternack & Feussner, 2018; Wasternack & Song, 2017). Jasmonates are a class of oxidized 
lipids (oxylipins) and includes jasmonic acid (JA) and its derivatives, such as methyl jasmonate 
(MeJA) and jasmonoyl-L-isoleucine (JA-Ile) (Howe et al., 2018; Wasternack & Feussner, 2018; 
Wasternack & Song, 2017).  
 The JA signaling pathway is initiated by a biotic or abiotic stress that triggers production 
of endogenous elicitors (i.e. peptides, oligosaccharides, reactive oxygen species, nucleotides, ion 
influx, or membrane depolarization) that lead to de novo synthesis of JA (Koo, 2018). De novo 
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synthesis of jasmonates begins in the chloroplast where α-linolenic acid is enzymatically 
converted to 12-oxo-phytodienoic acid (OPDA) through a series of reactions catalyzed by 
lipoxygenase, allene oxide synthase, and allene oxide cyclase, and OPDA is transported to the 
peroxisome where reduction of OPDA by OPDA reductase (OPR) and a series of β-oxidation 
results in JA formation (Howe et al., 2018; Koo, 2018; Wasternack & Song, 2017). JA serves as 
a precursor to other jasmonates, such as MeJA and JA-Ile, which are formed after conjugation of 
a methyl group or isoleucine to JA, respectively (Wasternack & Song, 2017). After formation of 
the bioactive JA-Ile in the cytosol, it enters the nucleus (likely through an ATP-binding cassette 
transport protein known as JA Transporter 1) where it induces the expression of JA-responsive 
genes (Howe et al., 2018; Koo, 2018; Wang et al., 2019).  
 Since cloquintocet-mexyl (CM) induced the expression of genes encoding OPRs in 
Triticum tauschii (the D genome progenitor of wheat), my hypothesis is that herbicide safeners 
are using a JA-mediated signaling pathway to induce the expression of herbicide-detoxifying 
enzymes (Riechers et al., 2010; Zhang et al., 2007). There are two isoforms of OPRs (OPRI and 
OPRII) that differ in their substrate specificity (Matsui et al., 2004; Schaller et al., 1998). OPRI 
members prefer cis-(-) OPDA as a substrate, while OPRII members prefer the natural precursor 
to JA, cis-(+) OPDA (Matsui et al., 2004; Schaller et al., 1998). Only members of OPRII are 
involved in JA biosynthesis, and the physiological function remains unknown for members of 
OPRI; however, members of OPRI may have a role in detoxification due to their ability to 
remove double bonds from α,β-unsaturated aldehydes or ketones, which are Michael acceptors 
that are often toxic to cells (Zhang et al., 2005). Increased expression after exposure to chemical 
or stress treatments has been demonstrated in monocot OPRI isoforms, such as induction of 
OsOPR1 expression by JA, salicylic acid, ethylene, and hydrogen peroxide, and induction of 
59 
 
ZmOPR1 and ZmOPR2 expression by fungal pathogens and salicylic acid treatments (Agrawal et 
al., 2003; Zhang et al., 2005). In T. tauschii some CM-inducible OPRs have high homology to 
OsOPR1 (Zhang et al., 2007), indicating that OPRI isoforms may play a role in the induction 
herbicide-detoxifying enzymes. 
 Compared to OPRs in other monocots, like maize (Zea mays) and rice (Oryza sativa), 
wheat OPRs have only been studied to a small extent. Only two OPR genes, TaOPR1 and 
TaOPR2, have been characterized compared to 8 and 13 genes, respectively, in maize and rice 
(Agrawal et al., 2004; Dong et al., 2013; Wang et al., 2016; Zhang et al., 2005). TaOPR1 
encodes an OPRI located on the short arm of chromosome 2B and conferred salinity tolerance 
when transformed into salinity sensitive wheat and Arabidopsis lines (Dong et al., 2013). 
TaOPR2 encodes an OPRII located on chromosome 7B, and its expression was repressed by 
abscisic acid, salicylic acid, gibberellic acid, low temperatures and high salinity; however, 
TaOPR2 expression was induced by wounding, drought and MeJA treatments (Wang et al., 
2016). 
 Few studies have been performed to analyze differential OPR expression in response to 
herbicide safener application other than the experiments involving etiolated T. tasuschii shoots 
subjected to soil drench treatments (Zhang et al., 2007). While this methodology is useful, it 
would likely be more informative to analyze TaOPR expression with methods reflective of 
common application practices. Wheat herbicide safeners are commonly applied post-emergence 
(POST) in a tank mixture with the herbicide to allow for simplicity for the applicator (Taylor, 
2012). The objectives of this study are to (1) identify TaOPR genes that respond to foliar 
applications of the safener CM in wheat seedlings via reverse transcription quantitative 
polymerase reaction (RT-qPCR), and (2) determine if differences exist in expression of these 
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TaOPR genes among three different tissues (shoot meristematic region and proximal and distal 
portions of the first true leaf) and three time points after safener application (3, 6 and 12 hours 
after treatment (HAT)). 
3.3 Materials and Methods 
3.3.1 Chemicals 
 The CM that was used for the following experiment was formulated as a 25% active 
ingredient wettable powder. 
3.3.2 Sowing of Plants, Application of Treatments, and Collection of Tissue  
‘Kaskaskia’ seeds were planted 3 cm deep in a 3 x 3 pattern in 382 cm3 pots containing a 
1:1:1 soil mixture of soil, peat, and sand. Pots were placed in a growth chamber with conditions 
of 28/22ºC day/night and a 16:8 h photoperiod. Approximately a week after seedlings emerged 
from the soil, treatments were applied using a compressed air research sprayer calibrated to 
deliver 187 L ha-1 at 275 kPa with an even flat-fan nozzle. Untreated plants were sprayed with a 
0.1% solution of non-ionic surfactant (NIS), while safener-treated plants were sprayed with a 
solution containing 15 g a.i. ha−1 of CM and 0.1% NIS (Taylor et al., 2013). After application of 
treatments, plants were returned to the growth chamber until tissue harvest. At 3, 6, and 12 HAT, 
3 different tissues were harvested from plants: distal leaf tissue (DLT), proximal leaf tissue 
(PLT), and shoot meristematic region (SMR) (Figure 3.1). The first true leaf from the plants 
were removed and cut in half with the portion that was closer in proximity to the main stem 
denoted as PLT and the portion further in proximity to the main stem denoted as DLT. For the 
SMR, 3 cm of the shoot tissue that extended from the seed was harvested (this tissue was below 
the surface of the soil surface during the time of application). Harvested tissue was frozen with 
liquid nitrogen and stored in a -80°C freezer until RNA extraction. 
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3.3.3 RNA Isolation and Genomic DNA elimination 
Total RNA extraction was isolated from 0.5 g of each harvested tissue using previously 
described methods (Evans et al., 2017), and RNA was stored at -80°C. RNA concentration and 
purity were determined with a NanoDrop 1000 spectrophotometer (Thermo Scientific, Waltham, 
MA, USA). Samples with concentrations above 100 ng/µL, A260/A280 ratios above 1.8, and 
A260/A230 ratios between 2.0 and 2.3 were used in downstream processes. To evaluate RNA 
integrity, total RNA was denatured at 55 °C in the presence of formamide and formaldehyde and 
visualized on a 1.2% ethidium bromide stained agarose gel containing 0.4 M formaldehyde (Xu 
et al., 2002). Once integrity was assessed for each sample, 10 μg of each sample was treated with 
TURBO™ DNase using the TURBO DNA-free™ Kit (Thermo Scientific, Waltham, MA, USA) 
using the manufacturer’s protocol in order to eliminate genomic DNA contamination. 
Concentration of DNase-treated RNA was determined with a Qubit 2.0 fluorometer (Invitrogen, 
USA) using the manufacturer’s protocol. 
3.3.4 RT-qPCR Primer Design  
 A search for putative sequences of wheat OPR genes was performed with Phytozome 
(phytozome.jgi.doe.gov) and the BLAST tool from the International Wheat Genome Sequencing 
Consortium (IWGSC) data repository (https://wheat-urgi.versailles.inra.fr/) was used to verify 
sequence similarity against the wheat genome (Alaux et al., 2018; Goodstein et al., 2012). In this 
study OPR genes are denoted in the following format: TaOPR-chromosome location. For 
example, a TaOPR located on the long are of chromosome 1B is denoted as TaOPR1BL. Three 
putative OPR genes were selected for primer design: TaOPR2BS (previously denoted as 
TaOPR1), TaOPR6DL, and TaOPR7DL (an OPR gene with high sequence similarity to 
TaOPR2) (Table 3.1 and 3.2). Primers were analyzed for hairpin and dimers formation with the 
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OligoAnalyzer 3.1 tool (Integrated DNA Technologies, USA) and designed with the following 
parameters: melting temperature (Tm) of 58–63 °C, primer lengths of 18–22 base pairs (bp), 
guanine-cytosine content 40–60%, and a maximum amplicon length of 250 bp.  
Previously, a GST located on the short arm of chromosome 6D (previously denoted as 
TtGSTU1) in Triticum tauschii (the D genome progenitor of hexaploid wheat) displayed 
increased expression in response to CM treatments (Xu et al., 2002). Primers for this GST in 
wheat (denoted in this study as TaGST1) were also designed to act as a positive control (Xu et 
al., 2002) (Table 3.1 and 3.2). Reference gene primers for β-tubulin (BTUB) and GTP-binding 
protein (GTPB) were designed by Zhang et al. (2013) using similar parameters mentioned 
previously and displayed stable expression in wheat. PCR efficiencies of TaOPR and TaGST 
primers were calculated in SDS 2.3 software (Applied Biosystems, USA) with five-point 
standard curves in a 2-fold dilution series of cDNA (Table 3.2).  
3.3.5 RT-qPCR Conditions 
RT-qPCR was conducted using a 7900 HT Sequence Detection System (Applied 
Biosystems, USA), and reactions were performed in 20 µL volumes following the 
manufacturer’s protocol (Power SYBR® Green RNA-to-CT™ 1-Step Kit; Applied Biosystems, 
USA). The following program was used for RT-qPCR: 48 °C for 30 minutes, 95 °C for 10 
minutes, then 40 cycles at 95°C for 15 seconds, 60°C for 1 minute, and a melting curve at 95 °C 
for 15 seconds and 62 °C for 15 seconds. Each sample was analyzed in three technical replicates, 
and mean cycle quotient (Cq) values were calculated. Reverse-transcription negative controls 
were included to verify genomic DNA contamination was not contributing to Cq values. Melt 
curves for each reaction were analyzed to ensure only one product was amplified. Safener-
induced gene expression for each TaOPR gene and TaGST1 was calculated relative to transcript 
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levels in the nontreated control samples (per tissue and time after treatment) and normalized 
using GTPB and BTUB as reference genes with the 2-ΔΔCt method. 
3.3.6 Sequencing of OPR PCR Products 
 In order to confirm the amplification of target OPR genes, PCR products using the OPR 
primers were sequenced. RNA from untreated and CM-treated wheat seedlings was extracted 
using methods previously described in section 3.3.3. Synthesis of cDNA was performed using 1 
μg total RNA with the Maxima H-minus cDNA synthesis kit (Thermo Scientific, Waltham, MA, 
USA) following the manufacturer’s protocol. PCR was performed with the Platinum SuperFi 
PCR Master Mix (Invitrogen, USA) using 2.5 μL of the cDNA reaction for every 25 μL PCR 
reaction. All PCR reactions were performed using PTC-200 Pellier Thermal Cycler (MJ 
Research Inc., USA) with the following amplification program: initial denaturation at 95 °C for 3 
minutes, 35 amplification cycles of 94 °C for 45 seconds, 62 °C for 35 seconds, and extension at 
72 °C for 80 seconds, and a final extension for 8 minutes after the 35 cycles. The PCR products 
were separated and visualized on a 2.0% agarose gel stained with ethidium bromide. After 
products of expected size were detected, primers and dNTPs were removed from PCR reactions 
using the QIAquick PCR Purification Kit (Qiagen, Valencia, CA) following the manufacturer’s 
protocol. PCR samples were submitted to the UIUC Core Sequencing Facility (Urbana, Illinois, 
U.S.A.) and sequenced using primers designed for the RT-qPCR experiment (Table 3.2). The 
sequencing results are listed in Table 3.3.  
3.4 Results and Discussion 
3.4.1 OPR Expression Analysis and Sequencing of OPR PCR Products 
Results of the dissociation curves and reverse-transcription negative controls indicated 
that a single product was amplified and gDNA contamination did not contribute to the Cq results. 
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In untreated and CM-treated samples, the amplified PCR products from OPR primers displayed 
≥99% sequence identity to the expected OPR sequences in the IWGSC data repository, 
indicating that the primers designed for the RT-qPCR experiment were homoeologue specific 
(Table 3.3). 
Across all three tissues, the highest fold inductions for OPR genes were quantified at 6 
HAT, but these inductions were transient as lower fold inductions were detected at 12 HAT 
(Figure 3.2). TaOPR6DL expression exhibited the highest fold inductions among each OPR gene 
tested, especially in SMR (approximately 125-fold) and PLT (approximately 85-fold) (Figure 
3.2). TaOPR2BS and TaOPR7DL had lower fold inductions with the highest fold inductions of 
approximately 20-fold in SMR and 6-fold in PLT, respectively (Figure 3.2). TaGST1 fold-
inductions also peaked at 6 HAT (approximately 30-fold) except in DLT, which peaked at 12 
HAT (Figure 3.2). The higher fold inductions at later time-points may result from de-
esterification of CM to cloquintocet-acid, which is the active form of the safener (Taylor et al., 
2013). The bioactivation of CM and translocation of the free acid may have influenced the 
temporal OPR expression patterns in sampled tissues. 
3.4.2 Discussion 
Among the three putative OPRs analyzed in the RT-qPCR experiment, TaOPR6DL 
exhibited the highest fold inductions in all sampled tissues, especially in the SMR and PLT 
(Figure 3.2). Highest inductions for TaGST1 and TaOPR6DL occurring in the SMR and PLT 
indicates that these genes are more highly expressed in or around meristematic tissue (PLT is 
near the intercalary meristem of the leaf) (Figure 3.2). Meristems are of importance regarding 
herbicide injury since systemic herbicides, such as herbicides that inhibit acetyl-CoA 
carboxylase, acetolactate synthase, and synthetic auxin herbicides, typically cause injury in the 
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meristem and younger tissue (Böger et al., 2002). If enhanced OPR expression is necessary and 
precedes induction of herbicide-metabolizing enzymes, then meristems and younger tissues 
would require maximum protection from systemic herbicide injury. 
Increased TaOPR and TaGST1 expression in the SMR indicates that cloquintocet-acid 
was translocated from above-ground tissue to the SMR after foliar CM treatments, since SMR 
would have been below the soil line at the time of application (Figure 3.2). Overall, these results 
support the hypothesis that safeners induce the tissue-specific expression of certain TaOPRs, and 
TaOPR6DL is the primary OPR induced by CM among the three genes that were tested. Future 
studies will be necessary to determine if TaOPR6DL is an OPRI or OPRII and if its expression is 
needed to achieve the safening phenotype. If TaOPR6DL is an OPRII this experiment would 
provide evidence for the hypothesis that safeners utilize a JA-mediated signaling pathway to 
induce the expression of herbicide-detoxifying enzymes. Subcellular localization studies are the 
typical method of distinguishing between OPRI and OPRII isoforms because the OPRII isoform 
is usually localized to the peroxisome (Dong et al., 2013; Strassner et al., 2002; Wang et al., 
2016). Additionally, TaOPR6DL could be functionally validated with a wheat line possessing a 
deleterious mutation for this gene. An example would be screening Target Induced Local 
Lesions in Genome (TILLING) lines that have a deleterious mutation for TaOPR6DL with lethal 
doses of herbicide in combination with CM to determine if the safener response is prevented 
without TaOPR6DL expression. Additionally, lipid profiling of free and esterified fatty acids and 
oxylipins in untreated and CM-treated wheat tissue may also be used to investigate the role of JA 
signaling in CM-responsiveness. 
Recently, the entire OPR gene family of wheat has been characterized, which includes a 
total of 48 OPR genes in the hexaploid wheat genome (Mou et al., 2019). Only three of these 
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OPRs are predicted to be localized to the peroxisome while the other OPRs are likely localized to 
the mitochondria, chloroplast and cytoplasm (Mou et al., 2019). The few peroxisome-localized 
OPRs include TaOPR2 and the other two OPRs are located on chromosomes 1B and 7D (Mou et 
al., 2019). Given that OPRII isoforms are always localized to the peroxisome, these three genes 
are likely the only OPRII isoforms in the wheat genome. Compared to the maize and rice 
genomes, which encode 8 and 13 OPRs, respectively, hexaploid wheat encodes significantly 
more OPRs (Agrawal et al., 2003, 2004; Zhang et al., 2005), which might reflect the presence of 
homoeologous genes. However, a grass genome possessing relatively few OPRII genes is not 
uncommon, since previous results indicate that the maize genome encodes two OPRII genes 
(ZmOPR7 and ZmOPR8) and the rice genome only encodes one OPRII gene (OsOPR13) 
(Agrawal et al., 2003, 2004; Zhang et al., 2005). 
The non-enzymatically formed oxylipins, such as phytoprostanes, also accumulate under 
stressful conditions and are classified as reactive electrophilic species because their structure 
contains α,β-unsaturated carbonyl group in the cyclopentenone ring (Améras et al., 2003; Thoma 
et al., 2003). Phytoprostanes are formed when α-linolenic acid in cellular membranes is 
peroxidized by reactive oxygen species (Cuyamendous et al., 2015). Phytoprostanes are 
structurally similar to OPDA and induce the expression of herbicide-metabolizing enzymes, such 
as GSTs, P450s, and ABC transporter proteins, in Arabidopsis cell cultures (Loeffler et al., 2005; 
Mueller et al., 2008). Interestingly, phytoprostanes are also metabolized by certain GSTs and 
OPRI isoforms (Mueller et al., 2008). Furthermore, recent research demonstrated that exogenous 
treatments of phytoprostane-A1 or the safener fenclorim induce GSTs and P450s in cell culture 
(Brazier-Hicks et al., 2018). These findings indicate that enzymatically and/or non-enzymatically 
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formed oxylipins might be involved with the signaling pathway that induces genes encoding 





3.5 Tables and Figures 
Table 3.1 Reference genes and target genes selected for RT-qPCR experiment.  
Gene 
symbol 
Gene description Gene ID Location Cellular Function Reference 
REFERENCE GENES 
GTPB GTP binding protein TraesCS1D02G420600.1 1D Signal transduction Zhang et al., 2013 
BTUB  β-tubulin TraesCS7D02G454200.1 7D Microtubule formation Zhang et al., 2013 
TARGET GENES 
TaOPR2BS 12-oxophytodienoic acid 
reductase 
TraesCS2B02G040000.1 2BS Reduction of cis-(-) OPDA Dong et al., 2013 
TaOPR6DL 12-oxophytodienoic acid 
reductase 
TraesCS6D02G302300.1 6DL Unknown Unpublished 
TaOPR7DL 12-oxophytodienoic acid 
reductase 
TraesCS7D02G405500.1 7DL Unknown Unpublished 





















1 This information was reported in Zhang et al., 2013 
Gene symbol 
Primers sequences                                     
(5’-3’) (forward/reverse) 






86 80.5 90.7 0.997 
BTUB  TATGTCGTTGGAGTGCTCGTGG 
AAGGCAACACGACCGACATTTA 




190 88.0 94.9 0.988 
TaOPR6DL CAAGGGAACATTCATCGTG 
TACATCGGACGGTAGAAAC 
229 81.0 104.9 0.995 
TaOPR7DL CTACCTCCACGTGACACAGC 
TCCGAGCTCCCGTGTGTA 
157 89.5 109.2 0.997 
TaGST1 CGCTGTCTGGTAACAAGATT 
TGCTGGCGGATCACTTG 




Table 3.3  List of amplified sequences of 12-oxophytodienoic acid reductase (OPR) genes. The underlined characters correspond 
to the forward and reverse primers, respectively. 
Gene 
symbol 














Figure 3.1  Example wheat seedling indicating location of collected tissues, including distal 































Figure 3.2  Glutathione S-transferase (GST) and 12-oxophytodienoic acid reductase (OPR) 
expression in shoot meristematic region (SMR) (A), proximal leaf tissue (PLT) (B), and 
distal leaf tissue (DLT) (C). Fold inductions for each gene at each time point were calculated by 
2(-ΔΔCt) with β-tubulin (BTUB) and GTP binding protein (GTPB) as reference genes. Error bars 
represent standard error of the mean. 
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SYNOPSIS OF RESEARCH AND FUTURE IMPACTS 
 
4.1 Synopsis and Impacts 
While both safeners and synthetic auxin herbicides have been utilized for selective weed 
management in hexaploid bread wheat production for decades, there is still much to uncover 
regarding the molecular mechanisms that allow the use of these chemicals for our benefit. Both 
natural and safener-induced tolerance play important roles in effective weed control in 
economically important crops. For natural tolerance of synthetic auxin herbicides in monocots, 
cytochrome P450-dependent monooxygenases (P450s) typically play an important role in 
metabolism of these herbicides (Frear, 1995; Sterling & Hall, 1997). Specific P450s that govern 
tolerance to several herbicides, including synthetic auxin herbicides, have been characterized in 
maize (Zea mays) and rice (Oryza sativa), which are denoted as Nsf1 and CYP81A6, respectively 
(Nordby et al., 2008; Pan et al., 2006; Zhang et al., 2007). However, a P450 conferring synthetic 
auxin herbicide tolerance has not been characterized in wheat, which is likely due to the 
immense size and complexity of the genome. In 2018, a fully annotated reference genome was 
published by the International Wheat Sequencing Consortium (IWGSC), providing a valuable 
resource for analyzing wheat gene expression under varying conditions (such as biotic and 
abiotic stress) and determining their effects on expression at the transcriptional, translational, and 
post-translational levels (IWGSC, 2018). 
While natural tolerance is always desirable when pairing a herbicide with a crop, safeners 
serve as a tool to both achieve and enhance crop tolerance, such as tolerance to rates of herbicide 
needed to achieve adequate weed control or increasing the application window of a herbicide 
(Davies & Caseley, 1999; Riechers & Green, 2017). Safeners are also an alternative to creating 
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transgenic crops for herbicide tolerance; however, this alternative is only reserved for large 
seeded monocots like corn, grain sorghum, wheat and rice (Davies & Caseley, 1999; Riechers & 
Green, 2017). Currently it is not well understood why dicots are not protected from herbicide 
injury after safener treatments despite the expression of glutathione-S-transferases (GSTs) and 
ATP-binding cassette (ABC) transporter proteins being reportedly enhanced by safener 
treatments (DeRidder et al., 2002; DeRidder & Goldsbrough, 2006). In the case of wheat, 
safeners are especially useful since the commercial use of herbicide-resistant transgenic wheat is 
unlikely to occur due to concern of transgenes being transferred to the closely related weed 
species, jointed goatgrass (Aegilops cylindrica) (Hegde & Waines, 2004; Zemetra et al., 1998). 
The first study (Chapter 2) identified the wheat chromosomes associated with natural 
halauxifen-methyl (HM) tolerance on specific wheat chromosomes by treating an array of alien 
substitution and aneuploid lines with HM and cloquintocet-mexyl (CM). Since results indicated 
that the alien genome (the S genome of Ae. searsii) was HM-sensitive and CM-responsive and 
none of the nullisomic-tetrasomic (NT) lines for the group 5 chromosomes lacked CM-
responsiveness, this study only identified chromosomes possessing genes governing natural HM 
tolerance: likely on the long arms of chromosomes 5A and 5B. This information can be 
compared to RNA-Seq data generated from plant material used in this study to identify candidate 
genes responsible for natural HM tolerance in wheat (Obenland et al., 2020). Potential candidate 
genes might encode P450s or UDP-dependent glucosyltransferases, which are typically 
responsible for synthetic auxin herbicide metabolism in cereals (Frear, 1995; Sterling & Hall, 
1997). Candidate P450 genes on wheat group 5 chromosomes may represent homologs of Nsf1 
(located on maize chromosome 5) and CYP81A6 (located on rice chromosome 3), which encode 
P450 enzymes that confer tolerance to multiple herbicides, (Nordby et al., 2008; Pan et al., 2006; 
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Zhang et al., 2007). Both Nsf1 and CYP81A6 confer tolerance to ALS-inhibiting herbicides and 
bentazon, but Nsf1 also confers tolerance to the synthetic auxin herbicide dicamba as well as 
other postemergence (POST) herbicides from a total of five site-of-action groups (Nordby et al., 
2008; Pan et al., 2006; Zhang et al., 2007). The discovery of synteny between chromosome 3 in 
rice and wheat group 5 chromosomes (Kota et al., 2006; Rice Chromosome 3 Sequencing 
Consortium, 2005; Yan et al., 2003) supports my working hypothesis. Alternatively, HM 
tolerance in wheat might be a quantitative trait rather than a qualitative trait, where major and 
minor genes contribute to whole-plant HM tolerance. Furthermore, HM-metabolizing enzymes 
encoded by these genes might potentially metabolize additional herbicides or other xenobiotics 
(i.e., mycotoxins, allelochemicals, or environmental pollutants), which increases the utility of 
these genes serving as molecular markers in breeding programs aimed at increasing abiotic or 
biotic stress tolerance in wheat varieties. 
While phenotypic results were intriguing and provide a foundation for future mechanistic 
studies, there are limitations to this research. Results using NT lines and lines that are 
ditelosomic for the short arms of the group 5 chromosomes (Dt5L) indicated that genes 
governing natural HM tolerance are more likely located on the long arms of the group 5 
chromosomes, but we were not able to gather phenotypic results for this hypothesis because lines 
ditelosomic for the group 5 long arms (Dt5S) are not readily available. These lines are difficult to 
acquire in large quantities since these lines are sterile because they lack the pairing 
homoeologous 1 (Ph1) gene located on the long arms of the group 5 chromosomes, which 
control homologous pairing, and absence of this gene causes multivalent formation during 
metaphase I of meiosis (Bhullar et al., 2014; Griffiths et al., 2006). As mentioned before, my 
hypothesis that gene(s) governing natural HM-tolerance are likely located on the long arms of 
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5A and 5B chromosome can be tested when analyzing RNA-Seq results. Wheat RNA-Seq data 
will allow for identification of any genes whose expression is altered by HM and/or CM. Having 
this additional information will provide a filter to allow us to select several candidate genes for 
future experimentation rather than numerous genes. Candidate genes that are selected can be 
functionally validated with lines that have deleterious mutations for the genes of interest. This 
can be achieved through either ethyl methanesulfonate-treated TILLING (Target Induced Local 
Lesions in Genome) lines or genome editing, such as CRISPR-CAS9 (Chen & Dubcovsky, 2012; 
Shan et al., 2014). 
This experiment did not identify chromosomes possessing genes that govern CM-induced 
HM tolerance. Results indicated the S genome of Ae. searsii possesses genes responsive to CM 
that can reduce the amount of injury incurred by HM treatments, meaning the alien substitution 
lines in my studies could gain CM-responsive genes that compensate for the loss of endogenous 
CM-responsive genes in T. aestivum. As a result, none of the alien substitution lines lacked the 
ability to respond to CM treatment. In theory, if the species that provided the alien genome was 
not responsive to CM or if treatments had been applied to every possible wheat ditelosomic line, 
then this method may have yielded some useful results. However, it is also possible to identify 
candidate genes through RNA-Seq. While chromosomes possessing genes that govern CM-
induced HM tolerance in wheat could not be identified, the evidence that Ae. searsii (a wild 
relative of wheat) also possesses CM-responsive genes is intriguing and begs the question of 
whether other Aegilops species possess CM-responsive genes, such as jointed goatgrass (Ae. 
cylindrica), or if this CM-responsive trait is the result of convergent or divergent evolution. 
Additionally, reduced HM metabolism was not determined as the underlying physiological factor 
for the reduced biomass in treated leaves from HM-sensitive plants. In order to determine 
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whether rates of HM metabolism are altered in these NT or alien substitution lines, metabolism 
studies using excised leaves and radiolabeled HM can be conducted using HPLC or LC-MS 
methods. 
The second study (Chapter 3) identified CM-induced genes that encode 12-
oxophytodienoic acid reductases (OPRs) in wheat using a gene-specific reverse-transcription 
quantitative polymerase reaction (RT-qPCR) strategy. I measured differing levels of safener-
induced expression of three OPR genes (TaOPR2BS, TaOPR6DL, TaOPR7DL) at different times 
after CM treatment and in different tissues of wheat seedlings. TaOPR6DL displayed the highest 
expression levels in all safener-treated tissues relative to nontreated controls, with an 
approximate 125-fold induction in the shoot meristematic region. Results indicate that TaOPR 
expression can greatly vary at different time points after CM treatments and in different tissues. 
These results also indicated that foliar-applied CM is translocated to the shoot meristem, which 
would have been below the soil at the time of application. Overall, these results support my 
hypothesis that safeners induce the expression of specific TaOPRs, which is intriguing since this 
may indicate that safeners utilize an oxylipin-mediated signaling pathway to induce the 
expression of herbicide-detoxifying enzymes. This study was also an excellent exercise in 
homoeologue-specific primer design for wheat and identification of stable reference genes for 
CM-treated wheat tissue, which are skills that can be applied to future studies. However, there 
are limitations with this research as discussed below.  
First, when performing RT-qPCR experiments it is important to keep in mind that the 
correlation between mRNA transcripts and their corresponding proteins is generally not strong: 
usually around 40% in eukaryotes (Vogel & Marcotte, 2012). Several factors can influence this 
correlation, such as regulatory proteins, codon bias, and protein half-life (Maier et al., 2009). As 
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a result, there is a need for supplementary proteomic studies, such as 2-D PAGE and SDS-
PAGE, with CM-treated wheat tissues to assess protein abundance for any TaOPRs analyzed the 
RT-qPCR study. 
Additionally, I did not experimentally determine whether TaOPR6DL is an OPRI or 
OPRII, which are isoforms of OPRs that differ in their substrate specificity. To date, only OPRII 
isoforms are involved in jasmonic acid (JA) biosynthesis (Matsui et al., 2004; Schaller et al., 
1998). Since the OPRII isoform is usually localized to the peroxisome (Strassner et al., 2002), a 
subcellular localization experiment could be performed in the future to provide evidence that 
TaOPR6DL is either an OPRI or OPRII. If TaOPR6DL is an OPRII, then that would support the 
hypothesis of safeners utilizing a JA signaling pathway to induce the expression of herbicide-
detoxifying enzymes. However, if TaOPR6DL is an OPRI it would provide some evidence of the 
physiological role of these isoforms, such as herbicide detoxification or mediating plant stress 
responses triggered by herbicide treatments. The OPRI isoform is not as well studied as OPRII 
isoform, and the physiological function remains unknown for members of OPRI. However, there 
has been speculation that they mediate oxidative stress or detoxification due to their ability to 
remove double bonds from α,β-unsaturated aldehydes or ketones, which are Michael acceptors 
that are often cytotoxic (Beynon et al., 2009; Esterbauer, 1991; Fitzpatrick et al., 2003; Kohli & 
Massey, 1998; Trotter et al., 2006; Uchida, 2003). 
Only three putative OPR genes were analyzed in this study but there are several OPRs in 
wheat that could potentially mediate CM-induced herbicide tolerance. According to a recent 
genomic study analyzing the wheat OPR gene family, 48 putative OPR genes occur in the wheat 
genome (Mou et al., 2019). Only three OPRs are predicted to be peroxisome localized and are 
thus the most likely candidates for OPRII isoforms that synthesize JA (Mou et al., 2019). None 
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of the three predicted peroxisome-localized OPRs were analyzed in the current RT-qPCR study, 
and thus expression of these OPRs and other putative OPR genes could be analyzed for CM 
responsiveness in future studies. The main safener-induced OPR identified in my research 
(TaOPR6DL) is likely localized to mitochondria (Mou et al., 2019), suggesting it is an OPRI. 
Since reactive oxygen species (ROS) production is a side-effect of synthetic auxin herbicide 
treatments (Grossmann, 2010) and ROS can be produced in mitochondria (Mohamed, 2013), 
TaOPR6DL could potentially ameliorate oxidative stress following synthetic auxin herbicide 
treatments. 
Phytoprostanes, non-enzymatically formed oxylipins, also accumulate under stressful 
conditions and are classified as reactive electrophilic species because their structure contains a 
cyclopentenone ring, which has a α,β-unsaturated carbonyl group (Améras et al., 2003; Thoma et 
al., 2003). Phytoprostanes are formed when α-linolenic acid in cellular membranes is peroxidized 
by reactive oxygen species (Cuyamendous et al., 2015). Phytoprostanes are structurally similar 
to OPDA and induce the expression of herbicide-metabolizing enzymes, such as GSTs, P450s, 
and ABC transporter proteins, in Arabidopsis cell cultures (Loeffler et al., 2005; Mueller et al., 
2008). Interestingly, phytoprostanes are also metabolized by certain GSTs and OPRI isoforms 
(Mueller et al., 2008). Furthermore, recent research demonstrated that exogenous treatments of 
phytoprostane-A1 or the safener fenclorim induce GSTs and P450s in cell culture (Brazier-Hicks 
et al., 2018). These findings indicate that enzymatically and/or non-enzymatically formed 
oxylipins might be involved with the signaling pathway that induces genes encoding herbicide 
detoxification enzymes following safener treatments. Further experimentation would be needed 
to explore this hypothesis, such as RT-qPCR or RNA-Seq experiments with wheat tissues treated 
with phytoprostanes or safeners, or lipid profiling experiments to quantify and compare levels of 
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enzymatically and non-enzymatically formed oxylipins among untreated, CM- and HM-treated 
tissues. Such experiments would allow for greater understanding of the roles of both types of 
oxylipins in signaling pathways that lead to herbicide detoxification. While measuring levels of 
both oxylipins is possible in plants (Durand et al., 2009; Nilsson et al., 2012; Yonny et al., 2016) 
the main technical difficulties with this proposed study are obtaining analytical standards for 
each compound measured in the experiment and optimizing an LC-MS protocol for analysis. 
 Overall, the experiments conducted during my MS thesis program uncovered valuable 
information that will serve as the basis for future research during my PhD studies. In the future, I 
plan to identify and functionally validate the wheat genes governing natural and CM-induced 
tolerance to HM. Any identified genes would be of great interest since they could serve as 
molecular markers for wheat breeding. A wheat homolog of the maize Nsf1 gene may not only 
govern tolerance to synthetic auxin herbicides, but also other POST herbicides. Designing 
molecular markers for a pleiotropic gene that governs tolerance to several herbicides could be 
valuable when using marker assisted selection in wheat, since it would allow for selection of 
multiple herbicide-tolerance traits. Similarly, any genes characterized as endowing CM-induced 
herbicide tolerance would be useful to ensure advancing wheat lines are capable of responding to 
CM. In the case of OPR genes, results may give insight into whether wheat OPRI and OPRII 
isoforms play a role in herbicide detoxification reactions, safener-mediated signaling, or 
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